Complex information processing without a neocortex: determining whether fish can solve complex tasks with `simple' brains by Newport, Caitlin
Complex information processing
without a neocortex: Determining
whether fish can solve complex tasks
with ‘simple’ brains
Cait Newport
BSc., Dalhousie University
A thesis submitted for the degree of Doctor of Philosophy at
The University of Queensland in 2015
School of Biomedical Sciences
Abstract
The brain is responsible for producing a large range of diverse behaviours. Many complex
behaviours, including language and abstract reasoning, are associated with the neocortex. A
well-developed neocortex is often seen as synonymous with a high level of cognitive sophistica-
tion; however, while a well-developed neocortex must confer some survival advantages, it may
not be essential for higher-order processing. The fact that some species of bird, which lack a
neocortex, can perform tasks typically associated with the neocortex, suggests that alternative
neural structures may be capable of implementing the same level of behavioural sophistication.
Further studies focusing on the higher-order processing abilities of a range of species with dif-
ferent brains, especially those lacking a neocortex, are important to improve our understanding
of the evolution of complex behaviours and determine how the development of the neocortex
affects the cognitive abilities of animals. Fish represent a large vertebrate taxon lacking a neo-
cortex, yet little is currently known about their higher-order processing capabilities. Therefore
the overall aim of this thesis is to determine whether a species of fish can learn two higher-order
tasks associated with the neocortex: 1) abstract concept learning, and 2) human facial discrim-
ination and object recognition. Archerfish (Toxotes chatareus), a species known for knocking
down aerial prey with jets of water, are used in all behavioural experiments. Using operant
conditioning, the fish are trained to spit at a range of visual stimuli displayed on a computer
monitor suspended above their aquaria.
In Part I of this thesis, the relational rules archerfish use to solve a series of visual psy-
chophysical tasks are explored. We show that archerfish can rapidly learn associative relation-
ships between stimuli and when conducting the commonly used alternative forced-choice test,
archerfish learn to avoid unconditioned stimuli rather than select conditioned ones. While this
avoidance strategy was consistent throughout experiments, they showed flexibility choosing
between well-known positive stimuli and unfamiliar stimuli, demonstrating that archerfish can
apply complex decision rules to associative relationships. Archerfish were then tested for their
capacity to learn abstract relationships between stimuli. Abstract concept learning can provide
significant survival advantages as it enables animals to apply previously gained knowledge to
new objects and situations. Three tests were used to determine if archerfish could learn ab-
stract concepts and were based on odd-one-out, matched-to-sample and same/different tasks.
Despite extensive training, only a small number of individuals showed any improvement during
the training phase of the odd-one-out and same/different tasks and none could generalize when
novel stimuli were introduced. While archerfish show an impressive ability to apply associative
based rules to solve visual tasks, they show only a very limited ability to learn rules relying on
abstract concepts.
In Part II, the ability of archerfish to discriminate visually complex images was examined.
Human faces were used as stimuli because correct recognition requires a high level of representa-
tional sophistication. Within the set of faces, very similar distractors exist (other faces) and the
variability in appearance of a face under rotation makes recognition difficult (e.g. profile view
ii
vs. frontal view). In addition, human faces are an object class that is unfamiliar to archerfish
precluding the possibility that specialist systems have evolved to process them. We found that
archerfish can be trained to discriminate one human face from a large set of distractors. In a
separate experiment, we found that they could also continue to discriminate two faces despite
changes in orientation. The combined results suggest that some of the basic tasks involved in
human facial recognition can be learned by archerfish and that they have a flexible recognition
system capable of adjusting to changes in viewpoint.
This thesis provides an extensive investigation into whether fish can perform higher-order
processing. This work shows that archerfish can perform visual recognition tasks similarly to
animals with a neocortex; however they are unable to apply abstract concept rules to visual
tests. These data, combined with results from other studies, suggest that despite lacking a
neocortex, archerfish have relatively sophisticated visual abilities. Further tests are required to
determine if the limited ability of archerfish to learn abstract concepts is due to their species-
specific ecology or if it is a limitation of all species of fish.
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Chapter 1
1.1 Thesis overview
This thesis is comprised of five research projects presented as self-contained chapters (Chap-
ters 2-6). These chapters can be read independently and contain reviews specific to each
topic. Although these chapters can be read independently, a common theme unites this work
to address a larger, overall aim. Chapter 1 serves as a general introduction to the overall
research aim and provides context for the experiments. This chapter contains information
that is relevant to the overall theme of this work but which is not dealt with specifically
in the experimental chapters. Chapter 7 serves as a general discussion and is used to ex-
plore how the combined experimental results further our knowledge of the research topic.
1.2 General introduction
From the intricate mating habits of colourful birds to the development of complex mathematics
of humans, the brain is a remarkable structure capable of producing a huge diversity of animal
behaviour. Many of the more complex behaviours of mammals are associated with the neo-
cortex, a structure that can be identified by its layered arrangement of neurons (Bear et al.,
1996). The neocortex is only found in mammals and ranges in size and complexity between
species. Different regions within the neocortex are associated with a range of functions includ-
ing processing and analyzing sensory information, controlling voluntary movement and forming
associations (Bear et al., 1996). A large neocortex has traditionally been associated with an
increase in cognitive abilities, an idea seemingly supported by the fact that highly intelligent
humans have a large neocortex covering most of the brain. As a result, many complex tasks
such as language, reasoning and abstract thinking are often thought to be a uniquely human
ability. Based on this logic, it seems reasonable to assume that animals lacking a neocortex
are incapable of performing such sophisticated behaviours. However, we know that evolution
is not linear and there is growing evidence that seemingly ‘simple’ brained animals can display
sophisticated cognitive abilities. For example, birds have repeatedly demonstrated an ability to
learn abstract concepts (e.g. Pepperberg, 1987; Katz & Wright, 2006; Pepperberg, 2006; Bodily
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Figure 1.1: Comparison of the fish and human brain. A) Lateral view of the fish brain, drawn based
on the brain of an archerfish (Toxotes chatareus). B) Midsagittal view of the human brain, redrawn
from Bear et al. (1996). The human and fish brains are not drawn to the same scale.
et al., 2008), which is fundamental to the formation of languages and counting. This leads
to the question of whether the neocortex is essential for higher-order processing and complex
behaviours or if it instead confers different advantages such as increased processing efficiency or
allowing for regional specializations within the neocortex. A comparative approach focusing on
the similarities and differences in cognitive abilities of a range of species is therefore important
to our understanding of the role of the neocortex in behavioural output. However, relatively
little is known about higher-order processing in non-primate vertebrates, especially for species
that lack a neocortex. Most of what we do know about higher-order processing without a neo-
cortex is the result of studies with birds. Therefore further studies with species from different
taxa that vary in brain organization and ecology would be of great benefit.
Fish represent a large taxon of approximately 30,000 species (Nelson, 2006) and demonstrate
a wide range of behavioural adaptations. This taxon presents an interesting group for the study
of cognition as, at first glance, the fish brain appears simpler than those of other vertebrates,
especially primates (see Figure 1.1 for a comparison of a teleost fish and primate brain). The
fish brain is proportionally smaller than that of other vertebrates (Northcutt, 2002) and lacks
a neocortex. It is partly for these reasons that fish have traditionally been thought capable
of only instinctual behaviour. Currently, little is known about whether fish are capable of
behaviours typically associated with the neocortex, as most fish cognition studies have focused
on either lower-order cognitive processing or the ability of fish to perform specific behavioural
adaptations. Therefore, the overall aim of this thesis is to expand our knowledge of the higher-
order processing abilities of fish. Using psychophysical experiments, we will test whether fish
are capable of learning two higher-order tasks associated with different areas of the primate
neocortex: 1) abstract concept learning (frontal lobe) and 2) human facial recognition and
object recognition (temporal lobe). Understanding whether fish can perform these tasks will
not only inform us about their cognitive abilities but will also provide insights into whether
different vertebrate taxa can utilize different neural structures to solve similar problems.
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1.3 Abstract concept learning
Abstract concepts represent generalized learning rules that describe the relationship (e.g. more/less,
same/different) between stimuli (e.g. objects, situations) rather than a direct association that is
specific to particular stimuli. Abstract concepts are the basis of many sophisticated behaviours
including language formation and mathematical reasoning and occurs in the primate prefrontal
cortex (Martin, 2007). The formation of abstract concepts can improve learning efficiency as
learned rules can be generalized to new situations and thus an appropriate response can be
reached faster (Zentall et al., 2008). The ability to learn abstract concepts is used in this thesis
as a test of fish cognitive abilities because, although it requires higher-order processing typically
associated with the neocortex, it may provide survival advantages to fish and therefore there
may have been adaptive pressure for this form of reasoning.
1.4 Human facial discrimination and object recognition
The motivation for using human facial discrimination as an indicator for cognitive ability in
fish is twofold: 1) human faces can be used to test whether fish can perform complex discrimi-
nation tasks, and 2) faces can be used as stimuli to study the underlying mechanisms of object
recognition in fish. Human faces all share the same basic components (i.e. two eyes above
a nose and mouth) and therefore discrimination requires the detection and differentiation of
subtle visual cues. Individual recognition is important to the formation of primate societies
and primates have a dedicated brain area in the visual cortex, called the fusiform gyrus, for this
task (Kanwisher et al., 1997; Tsao et al., 2006). Establishing whether fish can learn to discrim-
inate human faces will provide information about whether or not the specialized circuitry of
the visual cortex is strictly necessary for this level of discrimination, an issue that is currently
debated (Kanwisher et al., 2006).
Reliable vision-based object recognition is of fundamental importance to a wide range of
species; however, it can be difficult as the appearance of an object can vary greatly as a
result of changes in viewpoint. Experiments with human subjects indicate that they have a
flexible recognition system capable of tolerating some changes to the appearance of objects
(Logothetis & Sheinberg, 1996; Wallis & Bu¨lthoff, 1999). These studies have also shown that
when conducting object recognition tests, it is important to use stimuli that are unfamiliar
to the subject to ensure the subjects are not basing their responses on previous experience
with the stimuli (Logothetis & Sheinberg, 1996). The most numerous and well-controlled non-
primate view-change studies are with pigeons and show that they too have a flexible recognition
system (e.g. Wasserman et al., 1996; Peissig et al., 2000; Spetch et al., 2001; Friedman et al.,
2005). However the extent to which models of object recognition relate to other species is
largely unknown and the problem of how fish achieve this has received little attention. We
used human faces to test the recognition capabilities of fish as they represent a novel object
class which is an important requirement for this type of study. While some species of fish can
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identify individuals based on visual markings (e.g. Siebeck et al., 2010), they are unlikely to
have had experience with human faces throughout their evolution.
1.5 The cognitive abilities of fish
The lives of fish are highly diverse and subsequently a wide range of cognitive variation ex-
ists (Brown et al., 2011). Some of the more impressive examples of apparent fish intelligence
are observed in their social interactions. For example, cleanerfish (Labroides dimidiatus) form
mutualistic relationships with individuals of other species (heterospecifics), including potential
predators. Cleanerfish provide a service by removing parasites from ‘clients’ and in return gain
an abundant source of food (Coˆte´, 2000). The balance of this relationship is delicate and can be
affected by experiences with particular individuals; both clients and cleanerfish can be penal-
ized for misbehaviour if either participant is caught ‘cheating’ (Bshary & Grutter, 2005). This
relationship not only require that cleanerfish can recognize individual heterospecifics (Tebbich
et al., 2002), but also that they can associate these individuals with past experiences and re-
spond appropriately to specific individuals. Another example of the complex behaviour of fish
is the ability of some species to form collaborations in order to achieve a common goal. Coral
trout (Plectropomus leopardus) can work with heterospecifics to hunt for prey they would oth-
erwise struggle to catch on their own. Not only can the coral trout use gestures to communicate
(Vail et al., 2013), but they are capable of assessing the effectiveness of a collaborator and pref-
erentially selecting the more effective individual (Vail et al., 2014). These impressive displays
of cognitive abilities are just two examples of many, and a complete review of all of the complex
behaviours of fish is outside the scope of this thesis (for more examples see: Bshary et al., 2002;
Braithwaite, 2005; Pas´ko, 2010; Brown et al., 2011; Bshary & Brown, 2014), however, it is clear
from the evidence that fish are capable of advanced behaviours and are not simply ruled by
instinct.
Although there are many ecologically relevant examples of apparently intelligent fish be-
haviour, there are comparatively few experiments designed to explore the underlying processes
and mechanisms of learning in fish, especially for tasks that require higher-order processing.
There is evidence that cleanerfish can learn to delay immediate gratification for the sake of
greater future rewards (Salwiczek et al., 2012), an idea that would appear to require some
understanding of the future as well as self-regulation. Other fish species also show some degree
of understanding of relative quantities (more/less) (Agrillo et al., 2009, 2014; Bisazza et al.,
2014), transitive inference (Grosenick et al., 2007) and categorization of some object categories
(Schluessel et al., 2012). These examples suggest a potential for neocortical-like processing in
fish and also provide useful methodological examples for future studies.
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1.6 Candidate neural structures for higher-order pro-
cessing in the fish brain
It is tempting to assume that a complex nervous system is a prerequisite for behavioural com-
plexity; however, in some cases simpler neural mechanisms may be sufficient, or even optimal,
for some complex behaviours. For example, archerfish rapidly and accurately make complex
decisions when hunting but the associated neural circuit involves only a small number of neu-
rons (Schlegel & Schuster, 2008; Schuster, 2012). Alternatively, the brain of fish may not be
as ‘simple’ as one might assume based on their lack of a neocortex. Fish may have ‘cortical-
like’ neural structures that we are currently unaware of which allow them to perform similarly
advanced behaviours. There is evidence that pallial areas within the fish telencephalon in the
forebrain perform similar functions as structures in the mammalian forebrain (Demski, 2013).
For example, the mammalian hippocampus is homologous to the lateral pallium of fish and
both brain areas are associated with spatial learning (Vargas et al., 2009). In addition, the
medial pallium of fish is homologous to the mammalian amygdala and is associated with emo-
tional learning such as avoidance (Vargas et al., 2009; Broglio et al., 2011). However, there is
still relatively little known about whether behaviour typically associated with the neocortex in
mammals is possible for fish and what structures in the fish brain may be associated with these
behaviours.
If fish are able to perform neocortical-like processing, the two most likely associated neural
structures are the optic tectum and the telencephalon (Figure 1.1). The fish optic tectum is
located in the midbrain and is associated with vision as it is the main recipient of retinal infor-
mation (Ebbesson & Vanegas, 1976; Northmore, 2011). The optic tectum also receives input
from the telencephalon, diencephalon, brain stem and cerebellum (O’Benar, 1976; Vanegas &
Ebbesson, 1976; Vanegas & Ito, 1983; Li & Maaswinkel, 2006; Heap et al., 2013) and plays a
role in the integration of visual stimuli and movement. For example, the optic tectum regulates
targeted eye movements (A´ngeles Luque et al., 2005) as well as orientation and escape responses
(Herrero et al., 1998). The homologous mammalian structure is the superior colliculus, which
is also associated with visual reflex behaviours. However, the midbrain of primates is greatly
reduced in size relative to the forebrain or hindbrain, compared to that of fish (Bear et al.,
1996). The optic tectum is typically the largest structure in the fish brain and is especially
large in species that rely heavily on vision for survival (Lisney & Collin, 2006; Helfman et al.,
2009). Since the fish optic tectum is proportionally large, it may have increased processing
power allowing them to perform other functions such as analyzing sensory information, espe-
cially visual information. In mammals, higher-order visual processing occurs downstream of
the occipital lobe in the parietal and temporal lobes. There is some evidence that the optic
tectum performs functions carried out by the mammalian visual cortex such as visual detec-
tion of objects (Yager et al., 1977), edge detection and colour processing (Northmore, 2011).
However, currently there are few studies exploring the full extent of visual processing in the
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optic tectum and little is known about whether functional homologies exist between the visual
cortex or other cortical structures and the optic tectum in fish.
Despite the lack of a visual cortex, fish have seemingly sophisticated visual abilities. Many
species use visual signaling for communication (Espmark et al., 2000) and they can discriminate
a wide range of shapes and patterns (e.g. Sutherland, 1964; Bowman & Sutherland, 1970;
Siebeck et al., 2009). They can also perform complex visual tasks such as shape discrimination
despite partial occlusion (Sovrano & Bisazza, 2008), perception of illusory contours (Wyzisk &
Neumeyer, 2007) and size constancy (Douglas et al., 1988; Schuster et al., 2004; Frech et al.,
2012). In addition, fish exhibit colour constancy (Do¨rr & Neumeyer, 1997, 2000; Intskirveli
et al., 2002) which is likely important in an environment where the attenuation of light causes
wavelengths to be transmitted unequally. The visual behaviour of fish suggests a flexible and
sophisticated visual recognition system; however, as of yet there have been no comprehensive
studies focused on determining how objects are represented and processed in the brain.
The primate visual cortex is composed of a series of layers that form multiple hierarchal
pathways such that higher layers are successively responsive to more and more complex and/or
specific stimuli (Grill-Spector & Malach, 2004; Rajimehr & Tootell, 2008). Although little is
known about specific neural pathways for visual processing in the optic tectum, there is no
indication that the optic tectum has the same hierarchal processing (Northmore, 2011). The
dorsal pallium of the telencephalon topologically corresponds to the neocortex (Mueller et al.,
2011; Mueller, 2012) and may be a more likely candidate for a neocortical homologue as it
also shares structural similarities (Ito & Yamamoto, 2009). This area receives input from the
optic tectum (Demski, 2003; Northcutt, 2006) and has visually receptive areas (Braford, 1995;
Prechtl et al., 1998) suggesting a role in higher-order visual processing. However the struc-
tural similarities between pallial areas and the neocortex are still being debated (Wullimann &
Mueller, 2004; Northcutt, 2008) and relatively little is known about the function of the fish pal-
lium. Behavioural experiments show that lesions to this area affect avoidance learning (Vargas
et al., 2009) but not spontaneous avoidance (Vargas et al., 2009) or spatial learning (Rodr´ıguez
et al., 2002). In addition, this region has been associated with behaviours such as sexual sig-
naling, emotional states and sensory processing (Demski, 2013). Further behavioural studies
are needed to gain a more comprehensive understanding of the function of the dorsal pallium
and to ascertain the extent to which it produces similar behaviours to those associated with
the neocortex. However, the evidence gained so far about the neural anatomy of fish suggests
that there is at least a possibility that fish have structures capable of higher-order processing.
1.7 Archerfish as a model for behavioural experiments
All behavioural experiments described in this thesis are conducted on archerfish (Toxotes
chatareus). Archerfish are an Australasian freshwater and mangrove species that range in
size from 9 to 22 cm (Simon & Mazlan, 2008) (Figure 1.2). They live in large conspecific
groups forcing them to compete with others for access to prey. This species has adapted a
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Figure 1.2: Photograph of archerfish. A) Lateral view of an archerfish. B) View of an archerfish
spitting a jet of water.
unique and impressive hunting strategy that allows them to catch prey above water - using
a jet of water spit from their mouths, archerfish knock down prey from overhanging foliage
and catch it as it lands (Schlosser, 1764; Lu¨ling, 1963; Schuster et al., 2006). This strategy
requires that the fish can locate prey, aim accurately and spit forcefully enough to dislodge
prey. In addition, archerfish must predict where the prey will fall in order to catch them be-
fore another conspecific reaches it. This behaviour displays considerable cognitive prowess and
not surprisingly, archerfish have a range of physiological and behavioural adaptations for this
task. Several studies have focused on the mechanics of the archerfish water jet (Elshoud &
Koomen, 1985; Vailati et al., 2012; Gerullis & Schuster, 2014) and have shown that archerfish
have an impressive ability to control the hydrodynamics of their jets by adjusting the shape
of their mouth opening (Gerullis & Schuster, 2014). This mechanism allows the fish to control
the water jet to maximize its force upon impact and achieve a high degree of accuracy even
over large distances. They are even capable of adjusting for the optical distortions introduced
by the refraction of light at the water-air boundary (Dill, 1977; Timmermans & Vossen, 2000;
Timmermans, 2001; Rossel et al., 2002; Schuster et al., 2004; Temple, 2007). Although it is
unknown exactly how archerfish account for these optical distortions, it appears that it is, at
least in part, a learned behaviour (Timmermans & Vossen, 2000; Schuster et al., 2004). In
fact, archerfish may have many cognitive adaptations due to their specialized hunting strategy,
making them ideal for visual cognitive studies.
The spitting behaviour of archerfish has been employed in a range of behavioural experi-
ments and in many cases archerfish were trained to spit at specific targets (e.g. Waxman &
McCleave, 1978; Ben-Simon et al., 2012; Temple et al., 2013). These experiments have demon-
strated that archerfish are capable of associative learning using operant conditioning and that
their ability to spit can be used as an indication of target selection.
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1.8 The cognitive abilities of archerfish
There are few studies published detailing the neuroanatomy of archerfish, however their brain
appears to be typical of most teleosts (Figure 1.3). The optic tectum represents the largest
structure, likely representative of the fact that archerfish rely heavily on vision for survival.
The telencephalon is smaller than the optic tectum, however it appears to be proportionally
larger than that of other species of fish (Lisney & Collin, 2006; Ito et al., 2007; Northcutt,
2008; Park & Bell, 2010). Whether these general observations are reflective of any enhanced
cognitive or visual abilities in archerfish is unknown, however archerfish do demonstrate complex
visual behaviour. Archerfish rapidly calculate the required trajectory of their jet based on the
relative position (Schlegel & Schuster, 2008) and size (Schlegel et al., 2006) of their prey. This
ability is learned through practice but may also be learned through observation of conspecific
performance alone (Schuster et al., 2006). Surprisingly, it has been shown that the complex
decisions of archerfish actually require minimal neural circuitry (Schlegel & Schuster, 2008;
Schuster, 2012). Despite the minimal circuitry, their ability to detect rapidly moving prey on a
visually complex and camouflaging background of foliage implies sophisticated visual detection
mechanisms. Indeed, archerfish show some similar visual attention mechanisms to primates
(Gabay et al., 2013; Rischawy & Schuster, 2013). Conversely, their mechanisms for tracking
rapidly moving targets are dissimilar as, unlike mammals, fish are unable to track objects
with smooth eye movements and instead perform rapid eye movements (saccades) based on
predictions of where objects should be (Ben-Simon et al., 2012).
1.9 The visual abilities of archerfish
The organization of the retina is generally similar in all vertebrates with lens eyes (Wassle, 2004;
Joselevitch & Kamermans, 2009); however, there are variations that can affect how different
species detect visual signals. For example, in humans, there are three cone types that are
sensitive to short (420 nm), middle (534 nm) and long (564 nm) wavelength light (Bowmaker
& Dartnall, 1980). In contrast, the number of spectrally different cone types in the fish retina is
species-specific and ranges from one to five (Bowmaker, 1995) and therefore it is likely that many
species of fish perceive colours differently to humans. Archerfish have a special adaptation to
their hunting style that requires them to see above and below the waterline and subsequently
have rods and cones that are differentially tuned for vision above and below water (Temple
et al., 2010). Cones in the dorsal and ventral-nasal retina are ideally suited to detecting and
discriminating colours typically found in the underwater habitats of archerfish. In the ventro-
temporal retina, archerfish have single and double cones that are tuned to light detection above
water, with peak spectral sensitivities at 453 nm, 535 nm and 565 nm respectively (Temple et al.,
2010). These spectral sensitivities are similar to those of humans suggesting that archerfish see
colours above water similarly to humans (Temple et al., 2010); however, this has yet to be tested
behaviourally. Based on behavioural experiments, the visual acuity of archerfish is estimated to
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Figure 1.3: Photograph of the dorsal view of the eyes and brain of an archerfish (Toxotes chatareus),
showing the eyes (EYE), olfactory bulb (OB), telencephalon (TC), optic tectum (OT) and the cere-
bellum (CB). The fish standard length was 7.81 cm and the total length was 9.35 cm.
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be approximately 0.15◦ of visual arc (Ben-Simon et al., 2012; Temple et al., 2013). Therefore,
the average archerfish can resolve features that are 0.78 mm large from a distance of 30 cm1.
In comparison, human visual acuity is about ten times better and therefore features that are
0.075 mm can be resolved from the same distance (Reymond & Cook, 1984). Their visual
capacities make them an ideal species for visual experiments using a computer monitor for
stimulus presentation. Because the spectral sensitivities of archerfish are similar to those of
humans, they are likely to see colours on a computer monitor similarly to humans with normal
colour vision.
1.10 Thesis outline
This thesis is divided into two parts. The first part is composed of three chapters that explore
how archerfish recognize relationships between visual stimuli. Most psychophysical experiments
with fish rely on associative-learning, such as the alternative forced-choice test. The aim of the
first experiment is to explore in greater depth how archerfish learn to solve a four-alternative
forced-choice test by determining the relative influence of the rewarded and unrewarded stimuli
in decision making (Chapter 2). The results of this work have been published in the journal
Animal Behaviour and have been reprinted in their entirety for this thesis. The aim of the second
and third experiment is to test whether archerfish can learn a range of psychophysical tests
that rely on abstract concept rules. Tests were conducted to determine whether archerfish could
learn the relationship of oddity or matching using an odd-one-out and matched-to-sample test
respectively and then their learning behaviour was compared between abstract and associative
based tests (Chapter 3). The results of these experiments have been published in the journal
Frontiers in Neuroscience (Neural Circuits) and have been reprinted in their entirety for this
thesis. A further test, based on the concept of sameness and difference was attempted in a final
bid to train archerfish to an abstract concept-based task (Chapter 4).
The second part of this thesis is composed of two chapters which explore whether archerfish
can learn to discriminate human faces and how they cope with view-dependent changes in
appearance. Archerfish were first tested for their ability to discriminate a learned frontal view
of one face from a large number of distractor faces (Chapter 5). They fish were then trained
to discriminate two frontal face views and were tested for their ability to continue to select the
trained face as it was increasingly rotated in depth (Chapter 6). Finally, a summary of the
results described in this thesis and their significance form the general discussion (Chapter 7).
1Calculated using the following formula: x = 2D · tan (v2), where x is the height of the visual feature, D is
the viewing distance and v is the visual arc (degrees).
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Chapter 2
Complex, context-dependent decision strategies of archer-
fish, Toxotes chatareus
Reprinted from Animal Behaviour, Vol. 86, Newport, C., Wallace, G., Temple, S. E. and
Siebeck, U. E., Complex, context-dependent decision strategies of archerfish, Toxotes chatareus,
pp. 1265-1274, Copyright 2013, with permission from Elsevier.
2.1 Abstract
Operant conditioning is fundamental to many animal behaviour experiments, including the
alternative forced-choice (AFC) task, a powerful and popular paradigm for establishing learning
and discrimination abilities across a wide array of species. One frequently overlooked aspect of
this paradigm is the relative importance of the positive (S+ or ‘target’) and negative stimulus
(S- or ‘distractor’). It is often assumed that subjects learn to associate S+ with a reward.
However, it is equally possible that they learn to associate S- with the absence of a reward.
The rule learned may have repercussions for the design of experiments, and may also provide
information about the decision strategies employed by a particular animal or species. Archerfish
are becoming increasingly popular as a model for testing cognition in lower vertebrates. We
conducted three experiments to explore how archerfish learn to complete a common type of
forced-choice test. In the first experiment, we showed that archerfish were able to discriminate
a range of shapes in an AFC task. In the second experiment, we found that replacing S-
with novel stimuli caused a greater disruption in performance than replacing S+. In the final
experiment we showed that archerfish: (1) were probably using complex decision rules; (2)
made context-dependent choices; and (3) examined some or all of the stimuli before making
a decision when faced with multiple stimuli. Our results show that archerfish have a flexible
learning strategy which may facilitate exploitation of novel food sources. The discovery that
archerfish avoid negative stimuli fits with their generalist feeding ecology in which they may
learn to avoid distasteful/toxic prey. At the same time the fish demonstrate a willingness to
try new prey, which have the potential to offer a greater reward than familiar target prey.
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2.2 Introduction
Operant conditioning, whereby an animal learns to associate a response with a particular
stimulus, forms an important part of adaptive behaviour and many animals have been shown
to be able to perform conditioning of this type (see examples below). Operant conditioning
offers a direct means of investigating the learning and discrimination abilities of animals. One
popular paradigm for carrying out such investigations is the n-alternative forced-choice test
(AFC), wherein subjects are presented with at least two stimuli simultaneously and must learn
to differentiate between the two options and choose only one particular stimulus to receive a
reward. If the subject chooses the incorrect stimulus or does not choose at all, no reward is
given. A wide range of species can learn this task and as a result it has been used to test the
discrimination abilities of various sensory systems (e.g. Kalmus, 1955; Herman & Arbeit, 1973;
Tempel et al., 1983; Hulse et al., 1995; Dyer et al., 2005; Autier-De´rian et al., 2013). The most
common AFC test uses two stimuli (2-AFC). In this case, it is generally assumed, although
rarely tested, that the subject learns to associate a positive stimulus (S+ or ‘target’) with a
reward. However, it is equally possible that subjects are learning to avoid the unrewarded
negative stimulus (S- or ‘distractor’). Therefore, either S+ or S- can control the decision of
the subject. These two controlling relations are referred to as select-control and reject-control
relations, respectively (Sidman, 1994; Goulart et al., 2005). A select-control relation describes
when a subject selects a stimulus based on some characteristic of S+. In this case, substitution
of a new stimulus for S- should leave performance accuracy unaffected. In a reject-control
relation, stimulus choice is based on the rejection of some aspect of S-. Therefore, substitution
of S+ should not affect performance.
Archerfish have become well known for their unusual hunting technique of spitting jets of
water to knock down aerial prey (Schlosser, 1764; Lu¨ling, 1963; Schuster et al., 2006) and much
research has focused on their spitting (Dill, 1977; Elshoud & Koomen, 1985; Timmermans &
Vossen, 2000; Timmermans, 2001; Rossel et al., 2002; Temple, 2007; Schlegel & Schuster, 2008;
Ben-Simon et al., 2012b; Vailati et al., 2012; Krupczynski & Schuster, 2013). Recently, scientists
have begun using this species as a model for cognitive tests on lower vertebrates (Waxman &
McCleave, 1978; Timmermans & Vossen, 2000; Schuster et al., 2004, 2006; Gabay et al., 2013;
Rischawy & Schuster, 2013). This species is an ideal model for cognitive tests because target
selection is unequivocal and easily visible to the experimenter, and the fish are willing to spit
at abstract images either in print or presented on monitors (Schuster et al., 2004; Segev et al.,
2007; Ben-Simon et al., 2012a; Gabay et al., 2013; Rischawy & Schuster, 2013; Temple et al.,
2013).
We investigated the decision strategies used by archerfish when presented with an AFC
paradigm (experiment 1). This experiment had two objectives: (1) to determine whether
archerfish can solve a 4-AFC, and if so, (2) to explore how they learn to do this. Previous
experiments exploring how subjects learn this task have used a 2-AFC paradigm. This allows for
little flexibility when testing the influence of a particular stimulus on the decision of the subject
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because when making substitutions for S+ or S-, only one of the two stimuli can be substituted
for a novel stimulus (N). Since only S+ or S- can be present in this experimental design it is
impossible to determine how the presence of S+, S- and N influence stimulus selection. We
used a 4-AFC paradigm which allows for more flexibility in stimulus substitution, as well as
the application of more powerful statistical analysis.
The only previous application of a 4-AFC test to archerfish was by Ben-Simon et al. (2012a)
who tested the situation in which all S- stimuli are identical. For our experiments, we required
that archerfish could complete this task when all four stimuli were different, providing us with
the opportunity not only to ask whether they can solve the task, but more importantly, how
they do it. In a series of three experiments we tested performance on a 4-AFC task in which all
three S- are different (experiment 1), evidence for select- or reject-control (experiment 2) and
the impact of introducing a novel stimulus in the presence of both S+ and S- (experiment 3).
On the basis of these data we then modelled their selection behaviour, offering insights into the
approach taken to solve the task. We conclude by relating their behaviour to feeding strategies
matched to their natural ecology.
2.3 Methods
2.3.1 Subjects
Four large scale archerfish were purchased from local suppliers (Pet City, Mt Gravatt QLD
4122, Australia). All fish were kept in accordance with The University of Queensland Animal
Ethics Committee approval (AEC approval number: SBMS/241/12). Subjects were housed
in individual aquaria (30 cm × 60 cm and 30 cm high) that served as both holding and
experimental tanks. Each tank contained a rock, which served as a substrate for Java fern,
Microsorum pteropus, to provide environmental enrichment. The fish were kept under a 12:12
h light:dark cycle using full spectrum fluorescent lights (F36T8/840, Cool White, Crompton,
Australia) and supplied with recirculating fresh water maintained at 24 ± 0.5◦C (pH: 7.6 ± 0.2;
ammonia: 0 ppm; nitrite: 0 ppm; nitrate: ≤ 40 ppm). Opaque dividers were placed between
aquaria to ensure fish were unable to see each other, and therefore eliminate the possibility of
observational learning. Fish were fed mini pellets (Cichlid Gold R©, Kyorin Co. Ltd., Japan)
daily as part of experiments. At no stage were the fish food deprived. The same subjects were
used throughout all three experiments. After experimentation, all fish were retained for use in
further experiments.
2.3.2 Apparatus
Stimuli were displayed on a 15 inch LCD monitor (SyncMaster 153v, Samsung), which was
suspended 35 cm above the water level. The monitor was housed in a Plexiglas case to prevent
water damage. The screen was oriented parallel to the water’s surface. As four stimuli were
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Figure 2.1: Pretraining and training stimuli. Black shapes on a white background were used as
stimuli in all experiments where S+ is rewarded and S- are unrewarded.
being used, one stimulus was presented in the center of each quadrant of the display area. For
each trial, the positions of the stimuli were randomized to avoid positional learning. The pre-
sentation of the stimuli was controlled via MatLab programming (Cogent 2000 V1; Mathworks,
Natick, MA, U.S.A.). The archerfish selected a stimulus by hitting it with a jet of water (hence-
forth referred to as a ‘hit’) and selections by the fish were recorded as correct/incorrect by the
observer as soon as a selection was made by pressing an alphanumeric key on a computer. The
times when stimuli were presented and when the observer recorded the fish’s selection were
recorded by the MatLab program. The time between the start of the trial and the response of
the fish was calculated and used to estimate the reaction times for the fish (note that the delay
caused by the observers’ reaction time was consistent across trials and conditions). The same
apparatus was used in all experiments.
2.3.3 Stimuli
Stimuli were a selection of black symbols, letters, numbers or shapes on a white background.
All stimuli were created using Microsoft PowerPoint and Adobe Photoshop CS5 (Figure 2.1). A
total of 126 stimuli were created: two for pretraining, four for experiment 1, 60 for experiment
2B, 30 for experiment 2C and 40 for experiment 3B. In experiments 2B, 2C and 3B, a novel
stimulus (N) was used only once per fish.
2.3.4 Pretraining
Fish were first trained to hit a stimulus displayed on the monitor by spitting a jet of water
at the stimulus. This was achieved in several training steps. In the first training stage, the
stimulus was an ‘X’ printed on a white paper disk (diameter: 2.5 cm) that was laminated and
attached to the end of a clear Perspex baton. The baton was held above the tank at various
heights using a retort stand. Archerfish are naturally inquisitive and readily spit at objects
above water. Fish were rewarded with one pellet of food, which was dropped into the tank
by the experimenter whenever they hit S+ (‘X’) with a jet of water. Once they were able to
hit S+ repeatedly 20-40 times for one or two sessions, the ‘X’ (black on white background)
was displayed on an LCD monitor (see Figure 2.1 for stimuli examples). Again, the fish were
fed one pellet by the experimenter each time they hit the stimulus. When the stimulus was
presented on the monitor, the stimulus moved locations after each time the fish accurately hit
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S+. The fish was forced to move around the tank and hit the stimulus in different positions
and, therefore, learn to associate the reward with the stimulus itself and not the position. This
was continued until the fish was able to hit the stimulus in all four monitor positions 20-40
times for one or two sessions. Once the fish could complete this task, three ‘O’s were added as
distractors and shown simultaneously with the ‘X’. The fish were never rewarded if they hit the
‘O’s; however, for the first session they were given the chance to continue spitting until they hit
the ‘X’ at which point they were rewarded. In all following sessions, they were given only one
chance to make a selection and incorrect choices terminated the trial. Once the fish were able to
select the ‘X’ consistently (≥ 75% correct choices for two sessions consisting of 31 trials each),
they were considered ready for further behavioural experiments. The ‘X’ selection accuracy
required before the fish could move on to experiments was high. If the fish were selecting ‘X’
at a frequency consistent with chance they would select correctly in only 25% of trials and they
would require an ‘X’ selection frequency above 45% for the fish to be selecting the stimulus
above chance (see Analysis of Selection Frequency for a detailed explanation). Our accuracy
criterion is set well above significance to ensure that the fish performed the task well before
moving on to more complicated tasks.
It is possible that the fish learned the rule that S+ was never in the same position in two
consecutive trials. In that case, we would expect that every time a fish correctly chooses a
stimulus, their next selection would be narrowed down to only three choices, thereby increasing
their chance of successfully selecting the target to 33%. While this rule could potentially
improve the accuracy of the fish, our accuracy criterion of ≥ 75% is still much higher.1
2.3.5 Experiment 1: Procedure
The aim of experiment 1 was to test whether archerfish could discriminate four different shapes
using a 4-AFC test by training the fish to select S+ and/or avoid three different S- (see Figure 2.1
for shapes; Table 2.1, experiment 1). The positions of S+ and S- were randomized in all
experiments under the constraint that the S+ was never in the same position in consecutive
trials.
Prior to each session, an opaque divider was placed in front of the aquarium so that the fish
could not see the experimenter. A second divider was placed above the tank until the beginning
of the experiment so that the fish could not see the monitor being moved into position. Between
each trial, a squeegee was used to remove water that had accumulated on the bottom of the
Perspex from previous spitting events.
The fish were rewarded with one food pellet each time they hit the S+. To help fish learn
the task, in the first session the fish were allowed to spit at the various stimuli repeatedly until
they correctly hit the S+, at which point they were rewarded. However, in all following sessions,
the fish were given only one chance to make a selection. Incorrect choices terminated the trial
1This paragraph does not appear in the original published article.
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without a reward and the stimuli were removed from the monitor. There was no maximum
trial time in any condition; a trial was terminated only upon a choice being made by the fish.
The next trial began after a brief delay. Daily training sessions consisted of 31 trials. Fish
were considered trained when they selected S+ in greater than 75% of trials in two consecutive
sessions (N = 62 trials).
2.3.6 Experiment 2: Procedure
The aim of experiment 2 was to determine whether learning of the 4-AFC was a select- or reject-
control relation. This was tested by repeating experiment 1 with either S+ or S- substituted
with a novel stimulus (N) and looking for a disruption in performance.
Three conditions were used in this experiment (see Table 2.1 for summary). Condition 2A
was identical to experiment 1 and was used as a control to ensure that overall performance
of the trained tasks did not decrease (Table 2.1, experiment 2A). This was the only condition
in which responses to S+ were rewarded because it was the only condition in which all of the
original training stimuli were present. In condition 2B, the three S- were replaced by three N
(different stimuli each trial). This condition was used to test for the presence of a select-control
relation, that is, whether the replacement of S- affected performance (Table 2.1, experiment
2B). In condition 2C the S+ was replaced by one N and was used to test for the presence of
a reject-control relation, that is, whether S+ affected performance. All three conditions were
randomly presented within a session, with the constraint that each condition was displayed 10
times per session. Experiment 2 consisted of two sessions (N = 60 trials).
2.3.7 Experiment 3: Procedure
The aim of experiment 3 was to determine the selection strategy of the fish when presented
with a combination of S+, S- and N. As in experiment 2, the original experiment 1 paradigm
was used as a control to test that overall performance of the trained task did not decrease and
is called condition 3A (Table 2.1, experiment 3A). Condition 3B was used to test whether the
selection strategy of archerfish changed when presented with the S+ as well as one N and two
S- (Table 2.1, experiment 3B). The N was drawn for each trial from a pool of 40 possibilities
with the constraint that each N was used only once per fish. The two S- were randomly selected
from the three possible S-. The fish were rewarded only if they hit S+ in condition 3A but
were never rewarded during condition 3B. The two conditions were randomly presented with
the constraint that condition 3A was displayed 10 times and condition 3B was displayed 20
times per session. Experiment 3 consisted of two sessions (N = 60 trials).
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2.3.8 Proposed selection strategies
Six decision strategies were proposed to describe how the fish may have decided which stimuli to
select in experiment 3. A summary of these strategies can be found in Table 2.2. All strategies
are based on the assumption that S- will be avoided; therefore, the decision rules describe
how S+ and N are selected. An additional assumption is that, although stimuli are presented
simultaneously, each stimulus is considered independently and sequentially by the archerfish.
The small size of the stimuli, and the details therein, means the archerfish were probably using
their area centralis (fovea-like retinal region) to assess the details of the stimuli and not their
‘peripheral’ vision, which has a much lower spatial resolving power (Temple et al., 2010). The
area centralis has a narrow field of view and, as a result, the space between the stimuli forced
the fish to look directly at only one stimulus at a time and to shift its gaze physically to assess
another stimulus. The first three strategies were chosen to test whether a single stimulus type
could be controlling selection: strategy A tests the relative importance of S+, strategy B tests
the relative importance of S- and strategy C tests the relative importance of N.
Strategies D and E are based on the assumption that selection of a stimulus is more com-
plicated and can involve multiple stimuli acting as cues. Unlike in the simpler strategies (A-C),
strategy D predicts that seeing either S+ or S- causes the fish to respond as in the original
training paradigm by selecting S+ (Figure 2.2a). Seeing N will result in the training paradigm
being abandoned and the selection of N.
Strategies E and F have an added complexity in that not only are multiple stimulus cues
used, but also the order in which the stimuli are first seen by the fish is important. In strategy
E, seeing S- first causes the fish to remember the training paradigm and go in search of the
S+. Seeing S+ first does not result in selection of S+ but acts as an indicator that the fish
must keep looking. If the fish sees S- first, they will act as though in the training paradigm and
select S+, but if they see N first they will select N (Figure 2.2b). Strategy F is different in that
it requires that the fish see both S+ and S- in order to respond as in the training paradigm
and select S+. If the fish see N first, or only one of the training stimuli followed by N, then
the novel stimulus will be chosen (Figure 2.2c). See Table 2.2 for a summary of these decision
strategies, including decision trees for strategies D, E and F to illustrate the process.
The alternative to the proposed strategies was that the archerfish did not use a strategy
at all and hit any of the four targets at random and thus would be expected to have a 25%
frequency of hit rate on any given target. A binomial test was used to determine the probability
that the observed selection frequencies of S+ and N were different to the predicted selection
frequencies for each proposed strategy. Using a two-tailed test, we calculated the probability
that our results would fall into the 5% tail of the expected frequency distribution of the proposed
strategy. Any of the strategies in which our observed results fell into the 5% tail was rejected.
The probability that the observed selection frequencies matched the predicted ones was
tested for individuals as well as the grouped results of all four fish.
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Strategy Description Assumptions Calculation of probability (P) that S+ is selected 
A:   Select S+ Single stimulus acts as 
selection cue 
P = 1  
 
B:   Avoid S− but show no 
preference for S+ or N 
Single stimulus acts as 
selection cue 
P = 0.5 
 
C:   Select N Single stimulus acts as 
selection cue 
P = 0  
 
D:   Select N if seen first. 
Select S+ if S− or S+ is seen 
first (Fig. 2a) 
Multiple stimuli act as 
selection cue 
Selection is context 
dependent 
 
P = 0.75 
E:   Select N if seen first. 
If S− is seen first, select S+ 
If S+ is seen first, selection 
will be based on the next 
stimulus seen; N will be 
selected if seen first and S+ 
will be selected if S− is seen 
first (Fig. 2b) 
 
Multiple stimuli act as 
selection cue 
Selection is context 
dependent 
Selection is dependent on 
the viewing sequence  
 
P = P(S−, c = 1) + 
P(S+, c = 1). P(S−, c = 2|S+ at c = 1) = 0.66 
 
F:   Select N if seen first. 
If S− is seen first followed by 
S+, S+ is selected. 
If S− is followed by N, N will 
be selected (Fig. 2c) 
Multiple stimuli act as 
selection cue 
Selection is context 
dependent 
Selection is dependent on 
the viewing sequence  
 
P = P(S+, c = 1). P(S−, c = 2|S+ at c = 1) + 
P(S−, c = 1). P(S+, c = 2|S− at c = 1) + 
P(S−, c = 1). P(S−, c = 2|S− at c = 1).  
P(S+, c = 3|S− at c = 1|S− at c = 2) = 0.42 
 
 
Table 2.2: Summary for six possible decision strategies used by archerfish when faced with one
previously rewarded and one previously unrewarded stimulus in the presence of two novel stimuli
(experiment 3). The probability that S+ is selected for each strategy is calculated where c is choice
number and P(x) is the probability that S+ is selected.
2.3.9 Analysis of selection frequency
Three stimulus types were presented to archerfish throughout the experiment: a rewarded
positive stimulus (S+), an unrewarded negative stimulus (S-) and unrewarded novel stimuli
(N) (see Table 2.1 for stimuli examples). Selection frequencies for each stimulus type (S+, S-
and N) were calculated for each condition per fish by tallying the number of hits for all trials.
These results were then grouped to calculate a mean selection frequency for all fish. The raw
data were analyzed using a chi-square test. In a 4-AFC task, the expected selection frequency
is 25% if selections are made at random. For the analysis of experiment 2B and 2C, all three
S- were grouped together and expected at a combined frequency of 75%. In experiment 3B,
S+ and N were each expected at a frequency of 25% and selection of both S- were grouped and
expected at a frequency of 50%. All responses of each fish, within each condition, were tested
for possible bias towards a particular position using a chi-square test where fish were expected
to select stimuli in each position at a frequency of 25%.
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1st stimulus 
N 
S (P = 0.5) 
S (P = 0.25) N (P = 0.25) 
S S 
(c) 
  
1st stimulus 
2nd stimulus 
2nd stimulus 
N 
S (P = 0.5) 
S (P = 0.25) N (P = 0.25) 
N 
N 
S (P = 0.33) 
S (P = 0.66) N (P = 0.33) 
3rd stimulus 
S (P = 0.33) 
N 
S (P = 0.5) 
N (P = 0.33) 
S 
S 
S 
N (P = 0.5) 
1st stimulus 
2nd stimulus N 
S (P = 0.5) 
S (P = 0.25) N (P = 0.25) 
N S 
S 
S (P = 0.66) N (P = 0.33) 
(a) 
(b) 
(c) 
Figure 2.2: Illustration of decision processes for strategies D (a), E (b) and F (c). All decision trees
are based on the assumption that, while four stimuli are presented simultaneously, only one stimulus is
viewed at a time (e.g. 1st stimulus). Based on the first viewed stimulus, the decision is made whether
to select a stimulus, or to view another stimulus before responding (2nd stimulus). In case (b), this
process is repeated and a 3rd stimulus is viewed before a final decision is made. The probability (P) of
seeing each stimulus type (either S+, S- or N) is indicated along the arrows and the resulting selection
(S+, N or S-) is indicated in a box.
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2.3.10 Analysis of reaction times
The assumption under which all proposed decision trees work is that stimuli were examined
individually and in a sequential order rather than as a group. If this were the case, one would
expect that the fish would take longer to select a particular stimulus. For example, in strategies
D and E, the selection of S+ may take longer than N because in some cases the fish would have
to look at a series of stimuli before a decision could be made. As a result, the average reaction
time for S+ is expected to be longer than for N.
The response time was calculated per fish for S+ and N. The mean and standard deviation
were calculated for each fish and any response times greater than two standard deviations were
excluded from the time analysis. Outliers were excluded because sometimes the time recorded
was significantly greater than the mean. This was due to the fish being distracted and not
looking at the monitor as soon as the stimuli were presented. Two standard deviations were
used as a limit because this is a common selection criterion for outliers. Results for all fish were
then grouped and the mean and standard deviation were calculated. Because the data were
not normally distributed, a Mann-Whitney test was used to calculate whether the medians of
S+ and N were significantly different.
2.4 Results
2.4.1 Experiment 1
All fish were able to reach the learning criterion (choice frequency of S+ ≥ 75%) within two to
five sessions showing that archerfish can discriminate four shapes and successfully complete a
4-AFC task (Figure 2.3).
2.4.2 Experiment 2
Condition 2A was used as reinforcement of the original trained task (experiment 1) and to
control for possible performance changes. The fish selected S+ at a mean frequency of 91.3%
(SD = 7.5, N = 20), which was above the selection criterion set in experiment 1 (Figure 2.4).
In condition 2B, in which fish were presented with the S+ and three N, the mean selection
frequency of the S+ was 16.3% (SD = 17.0, N = 20), which was close to chance but tended
towards fewer selections than chance (chi-square test: χ21 = 3.3, P = 0.07; Figure 2.4). The
standard deviation of the mean showed a large variability in the data set. While fish 1 and 2
selected the S+ in 20% of trials, fish 3 never selected the S+. Fish 4 on the other hand selected
the S+ at a frequency of 40%.
In condition 2C, the fish were presented with N and three S-. In this case, the mean selection
frequency of the N was 77.5% (SD = 2.9, N = 80; Figure 2.4). This frequency was significantly
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Figure 2.3: Learning curve for four archerfish trained to select S+ and/or avoid three S-. Each curve
represents results from an individual fish. See 2.1 for training stimuli. The larger dotted line at 75%
represents the selection frequency required to meet the learning criteria. The smaller dotted line at
25% represents the selection frequency if fish were choosing at random.
different from chance (chi-square test: χ21 = 117.6, P < 0.0001) showing that the fish avoided
the S- and selected the N. The selection frequency results for individuals are presented in
Table 2.3. No positional bias was found in any condition (chi-square test: P > 0.05; for all
three conditions per fish).
In experiment 2, when S- were changed, discrimination ability was disrupted. However,
no disruption occurred when S+ was changed. It was possible that this result was obtained
because the archerfish learned a reject-control relation. Alternatively, the fish may simply have
been preferentially selecting novel stimuli (N condition 2B: 83.7%; N condition 2C: 77.5%).
Experiment 3 was used to determine whether the decision strategies of the fish were based on
select- or reject-control relations or selection of N.
2.4.3 Experiment 3
Table 2.4 contains the individual and grouped results for all fish. In condition 3A (control), the
fish selected the S+ at a mean frequency of 96.3% (SD = 4.8, N = 80), which was above the
selection criterion set in experiment 1 and indicated that the archerfish continued to perform
well at the original trained task.
In condition 3B the archerfish were presented with S+, one N and two of three S- but
were never rewarded regardless of what they selected. The mean selection frequencies of the
S+, N and S- were 62.3% (SD = 10.1, N = 159), 37.1% (SD = 10.8, N = 159) and 0.6%
(SD = 1.3, N = 159), respectively (Figure 2.5). Results for individual fish are presented in
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Figure 2.4: Testing for select control and reject control relation in archerfish. A) Mean selection
frequency of S+ of four fish when presented with one S+ and three S- (condition 2A). B) Mean
selection frequency of S+ of four fish when presented with S+ and three N (condition 2B). C) Mean
selection frequency N of four fish when presented with one N and three S- (condition 2C). Bars
represent standard deviation.
Fish Condition 2A 
S+ selection 
frequency (%) 
Condition 2B 
S+ selection 
frequency (%) 
Condition 2C 
N selection 
frequency (%) 
1 85 10 80 
2 100 15 80 
3 85 0 75 
4 95 40 75 
 
 
Table 2.3: Individual selection frequencies of four fish from three conditions in experiment 2. Each
fish completed 20 trials for each condition.
Table 2.4. Fish 1, 2 and 3 completed 40 trials and fish 4 had one trial excluded and therefore
completed 39 trials. This trial was excluded as the fish continually hit the edges of the monitor
rather than the stimuli. In rare cases where this occurs, the experimenters have found that
ending the trial stops the behaviour and the fish behaves normally in all following trials. The
mean selection frequency of S+ was significant (chi-square test: χ21 = 175.2, P < 0.001). The
standard deviation of the mean selection frequency for S+ and N was large because one fish
(fish 2) showed different selection behaviour. While three of the fish selected S+ more often
than N, fish 2 selected both the S+ and N at a similar frequency (Table 2.4). No positional
bias was found in any fish under any condition (chi-square test: P > 0.05). We calculated
the probability of our observed selection frequencies fitting within the range of our expected
frequencies (Table 2.5). When calculated individually for each fish, the strategies that cannot
be excluded are as follows: fish 1: strategies D and E; fish 2: strategies B and F; fish 3:
strategies B, D and E; fish 4: strategies D and E. When the results are pooled for all fish, the
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Fish S+ selection 
frequency (%) 
N selection 
frequency (%) 
S− selection 
frequency (%) 
1 70.0 27.5 2.5 
2 47.5 52.5 0 
3 65.0 35.0 0 
4 66.7 33.3 0 
 
 
Table 2.4: Individual selection frequencies of four fish from condition B in experiment 3. Fish 1, 2
and 3 completed 40 trials and fish 4 had one trial excluded and therefore completed 39 trials.
only strategy that cannot be excluded is E.
When examined individually, it is possible that fish were using different selection strategies.
Three of the fish (fish 1, 3 and 4) all fit both strategies D and E and fish 3 additionally
fits strategy B. Strategies D and E are both more complex strategies, requiring that the fish
examines multiple stimuli and makes a context-based decision. Fish 2, however, appeared to
be doing something different and best fitted strategies B and F. As a result, it is possible that
fish 2 was using either a relatively simple strategy or a more complex one.
Strategy E assumes that archerfish selected N if seen first; however, it was not unequivocally
selected and in some cases S+ could be selected. When S- was seen it was avoided but if S+ was
also seen, then S+ was selected. This suggests that selection of S+ was context dependent and
that S- was required for archerfish to remember the trained paradigm. However, the selection
frequency of one individual conforms to the predictions of strategy B and F. In strategy B, the
S+ and N were selected equally. In this case, the S- had less importance and only viewing of
the S+ or N resulted in a stimulus being selected. In strategy F, the archerfish must see both
S+ and S- in order to respond as in the training paradigm and select S+. The results seem to
support the idea that each individual could have been using a different strategy; however, the
strategies are probably complex and context dependent.
For all four fish the mean time required to select the S+ was 5.7s (SD = 6.2, N = 93)
and the mean time required to select N was 4.5s (SD = 4.6, N = 55). The median selection
times for S+ and N, respectively, were 4 and 3s; the distributions in the two groups differed
significantly (Mann-Whitney U test: U = 1848, N 1 = 99, N 2 = 59, P = 0.004, two-tailed).
These results provide evidence that each stimulus is viewed independently.
2.5 Discussion
We tested whether archerfish could discriminate between four stimuli using a 4-AFC paradigm.
We then sought to determine the rules they were employing to solve the task. While it is
generally assumed that animals undergoing conditioning learn to associate a stimulus with a
food reward when they respond to the conditioned/positive stimulus, our results indicate that
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Figure 2.5: Testing for changes in performance when archerfish are presented one positive (S+), two
negative (S-) and one novel (N) stimulus (condition 3B). Bars represent standard deviation.
this is not necessarily the case. Our experiments showed that archerfish can learn to solve a 4-
AFC task as they were able to hit S+ and avoid S-. When S+ was substituted for novel stimuli,
the fish continued to avoid S-. However, when S- were substituted, selection of S+ dropped to
chance. When archerfish were presented with S+ and S- as well as N they continued to avoid
S- but selected S+ more often than N.
The AFC test has been used to test the visual abilities of archerfish using different numbers of
stimuli. Mokeichev et al. (2010) and Temple et al. (2013) both used a 2-AFC to test orientation
salience and visual acuity, respectively. Segev et al. (2007) presented archerfish with three sizes
of the same shape (circles) to determine the role of eye movements in size discrimination. Ben-
Simon et al. (2012a) increased the number of stimuli to four to measure visual acuity. Schuster
et al. (2004) presented archerfish with the most stimuli when testing whether archerfish could
learn absolute size of stimuli. In this experiment the archerfish were trained to select a circle
with a diameter of 6mm at a variety of different heights. To test whether they could remember
the trained stimulus, seven circles of various sizes were then added and the aim was for the fish
to continue to select the trained size. The fish were able to select the trained image and thus
showed that archerfish have the capacity to determine absolute size of an object.
For tests such as those used by Segev et al. (2007) and Mokeichev et al. (2010) in which
the stimuli remain the same throughout experimentation, whether the archerfish use select- or
reject-control relations is of little import. As long as the fish can repeat the behaviour, it is
not particularly important how they do it. However, in tests in which conditioned stimuli are
substituted for new test stimuli, it is important to knowhow the fish solve the task. Our results
show that when archerfish learn to complete a visual discrimination task, the most essential
cues are from S- rather than S+. This explains why the archerfish selected the novel stimuli
when S- was presented and also why, in the absence of S-, the selection became random despite
the presence of S+ in experiment 2. If experimenters trained archerfish to complete an n-AFC
task and then changed S- as part of a test, they may find archerfish are unable to complete
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the task. This may lead to experimenters concluding that the fish were unable to discriminate
the stimuli; however, this would be a false negative result. Experimenters may find they get
better results if they design the test so that the archerfish must avoid S- rather than select S+.
This method can still answer the same question of whether the fish is able to discriminate the
stimuli; however, it is presented in a way that is more natural for the archerfish. This is useful
information for the design of future archerfish visual psychophysics experiments.
There is evidence that other species can use either select- or reject-control relations. Cats
(Derdzinski & Warren, 1969) and capuchin monkeys, Cebus apella (Goulart et al., 2005) have
been shown to maintain discrimination performance when either S+ or S- were replaced by
a novel stimulus or entirely removed. Zebrafish, Danio rerio, on the other hand, seem to
learn select-control relations; when trained to swim towards a chamber with a light stimulus
and avoid chambers that were dark, zebrafish performed worse when the light stimulus was
changed to a series of monochromatic stimuli (Bilotta et al., 2005) indicating that they had
not learned to avoid the dark chambers, but simply to identify the light. Evidence from rats,
Rattus norvegicus, suggests that they can use both select- and reject-control depending on
the experience they have with the stimuli. Some experiments have shown that substitution of
S- is most disruptive to discrimination performance (Mandler, 1968, 1970), while others have
shown the opposite (Sutherland et al., 1962; Gardner & Coate, 1965; Kohn, 1976). A further
experiment has shown that performance in rats was not interrupted by substitution of either
stimulus (Sutherland, 1961). Experiments with rhesus monkeys, Macaca mulatta, and pigeons,
Columba livia, have shown that both animals could complete a discrimination task if either S+
or S- were replaced, however, the experimenters found that monkeys pre-exposed to S- were
significantly better at the discrimination task than those pre-exposed to S+ (Moss & Harlow,
1947; Harlow & Hicks, 1957). In pigeons it was the opposite: subjects with exposure to S+
performed better than those with exposure to S- (Hearst, 1969). It seems that a number of
factors including stimulus quality (Stevens & Wixon, 1976), experimental design (Mackintosh,
1974) and training techniques (Mandler, 1968; Stevens & Laurence, 1968) have a significant
influence on the relative importance of S+ and S-. While a general conclusion for all animals
cannot be made, understanding how different species solve this task may provide insight into
more general behaviours that are important to the species. Animals that show reject-control
behaviour may have good reasons for learning avoidance; while their acceptable food choices
may be flexible, unacceptable food items may lead to dire consequences. As a result, avoidance
may be particularly important for some species.
The ability to recognize previously unrewarding (not dislodged when spat at) or distaste-
ful/toxic prey items (reject-control) may be more important than learning to recognize a previ-
ously rewarding prey item (select-control) that the fish may never encounter again because of
the large diversity of insects available and their transient nature. In their natural environment,
archerfish encounter hundreds and even thousands of different species of small edible-sized in-
vertebrates in the foliage above the water, and each may provide different nutritional value, as
well as different challenges (e.g. hard to dislodge, distasteful, awkward to handle). Because
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 Strategies 
Fish ID A B C D E F 
1 0 0.01* 0 0.47 0.74 <0.001* 
2  0 0.76 0 <0.001* 0.01* 0.53 
3 0 0.06 0 0.15 0.74 <0.05* 
4 0 0.05* 0 0.27 1.00 <0.05* 
Grouped 0 0.001* 0 <0.001* 0.401 0 
  
Table 2.5: Calculated probability values for all proposed decision strategies for individual fish as well
as the grouped results. * Indicates significant values.
their prey are in air while the fish are in water, archerfish have limited information with which
to judge the quality of their prey until they knock them down to the water’s surface where
they can taste-test them. Like many other fishes, archerfish will take their prey into their
mouth before deciding whether they should ingest it. Lu¨ling (1963) described archerfish tak-
ing inanimate objects, which were thrown onto the water’s surface, into their mouths before
spitting them out a few seconds later. The ephemeral nature of insect populations means that
archerfish would be constantly presented with an ever changing diversity of potential targets
(novel stimuli) throughout the year, the potential benefits of each being unknown until sam-
pled. An appropriate strategy under such a regime would be one that favoured risk taking,
that is, sampling novel stimuli. However, spitting at an unrewarded stimulus (e.g. a hard to
dislodge or distasteful prey species, emulated in this experiment by the S-) is costly in terms of
wasted energy and lost opportunities and therefore it would be expected that archerfish would
be adept at learning to recognize and ignore these stimuli. In all experiments, archerfish showed
a strong avoidance of S-. This avoidance strategy would, therefore, appear well suited to their
feeding ecology.
In experiment 2, the archerfish avoided S- regardless of substitution of S+ for novel stimuli;
however, substitution of S- disrupted performance. This result suggests that the archerfish
used reject-control relations. Alternatively, the archerfish could have simply been selecting N.
In the final experiment, archerfish were faced with a more complicated decision, as there were
three different types of stimuli to choose from, S+, S- and N. If the archerfish simply had a
preference for N we would expect them to continue to select N preferentially. However, if they
used reject-control relations, we would expect the fish to select S+ and N equally. We observed
that all fish avoided S- but selection of S+ and N was variable. Three fish selected S+ more
frequently than N, while one fish selected S+ and N equally. To exclude the possibility that
our fish had become used to being fed and therefore were more willing to risk selecting N,
experiment 3 was repeated after a 2-day break in which the fish were not fed, and we observed
no difference in the results between fish in different hunger states.
The fish that selected S+ and N equally fits the definition of reject-control. However, the
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other three fish appeared to be using a different strategy. A number of decision trees were
created to interpret their choice behaviour. The tree that fitted best (based on the similarity
between predicted and observed choice frequencies) as one in which the selection of the stimuli
was context dependent. In this model, archerfish selected S+ only if S- was seen first. If S+ was
seen first, then the archerfish looked to the next stimulus. If the next stimulus was N, then N
was chosen; however, if the next image was S-, the fish selected S+. The N was automatically
selected if it was seen first. Evidence that archerfish considered each stimulus independently
and sequentially was based on the fact that the anatomy of their eye makes it unlikely that they
could focus on more than one stimulus at a time (Temple et al., 2010; Ben-Simon et al., 2012a)
and the observation that the fish had a variable reaction time for the three different stimulus
types (S+, S- and N). Selection of N may be a learning mechanism that allows for exploration
of unknown potential food sources. While the reward for selecting S+ is known, from the fish’s
perspective N may provide an even greater reward. It is important to note that while we, as
observers, grouped all N-class stimuli into one category for the purposes of analysis, each N
was a different novel shape and had no link to any other shape used as an N previously in the
experiments. Therefore, each time N was viewed, it may have seemed worth trying to the fish,
even though other N in the past were unrewarded.
Selection of S- was rare in our experiments and the archerfish showed a clear avoidance of
these stimuli in all experiments. What was intriguing was the fact that it appeared as though
S- stimuli were required in order for the archerfish to respond to the S+ and even when the
S+ was viewed first, the fish did not immediately respond to it. This means that S- was not
simply remembered as a stimulus to avoid, but also acted as a cue for the fish to apply the rules
from the original training paradigm, suggesting that archerfish use a strategy that is context
dependent. However, the results may be more complex than that. In experiment 2B when three
N and one S+ were presented, we would have expected the archerfish to select N if seen first but
keep searching if S+ was seen first. Because there were no S- present, the next viewed stimulus
would have had to be N; therefore the fish should have be choosing the N in that case as well.
Our results show, however, that the S+ was selected in 25% of trials. This selection frequency
could have been the result of either archerfish selecting S+ if they saw it first or not making
a choice and simply spitting at the four stimuli randomly. The change in selection strategy
based on the stimulus category presented was evidence that archerfish may learn multiple,
context-dependent strategies. Further evidence of the possible use of multiple strategies was
the observation that one fish seemed to favour a different strategy from the other three fish in
experiment 3. This subject selected S+ and N with equal likelihood, which could be explained
by strategies B and F. Strategy F predicted that up to three stimuli may have been viewed
before a choice was made and that the fish did not rely on the presence of S- to make a selection
but chose S+ or N depending on whatwas seen first and that seeing S- only caused the fish to
keep looking. Based on our observations, it is not possible to conclude whether or not archerfish
use rejector select-control relations except in the case of the one fish described above, for whom
this offers the most parsimonious explanation of its choices. However, in all experiments the
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fish avoided S- and in experiment 3 they appeared to respond to the stimuli based on cues from
S- rather than S+. These results provide evidence that S- plays an important role in archerfish
learning and that they learn context-dependent and flexible decision strategies.
Archerfish proved adept at the 4-AFC paradigm and demonstrated learning characteristics
that make them an ideal species for future psychophysics experiments. In experiment 1, archer-
fish learned to complete our 4-AFC test within two to five sessions, which is faster than what
has been found for other fish species completing simpler 2-AFC tasks: cichlids, Pseudotropheus
sp., required at least seven sessions (10 trials/session; Schluessel et al., 2012), red splitfin, Xeno-
toca eiseni, required 6-13 sessions (10-12 trials/session; Sovrano & Bisazza, 2008) and goldfish,
Carassius auratus, required 20-35 sessions (100 trials/session; Wyzisk & Neumeyer, 2007). Dur-
ing experiments, archerfish also showed anticipatory behaviour by turning to look for a food
reward once they had spat at any stimulus. Anticipatory behaviour has also been observed in
damselfish, Pomacentrus amboinensis (Siebeck et al., 2009) and Atlantic cod, Gadus morhua
(Nilsson et al., 2008). Finally, archerfish were able to complete 30 trials per session while most
other species complete only 10-12 trials per session (Sovrano & Bisazza, 2008; Siebeck et al.,
2009; Schluessel et al., 2012). A greater number of trials allows for a stronger statistical power
within each session.
The results of all three experiments show that archerfish are skilled at discriminating ab-
stract shapes. Experiment 1 showed that archerfish could discriminate between four different
shapes, and experiments 2C and 3 showed that they could also discriminate the four trained
shapes from a further 60 novel ones. In experiment 2B, we tested an additional 60 novel shapes,
but because the fish selected all stimuli at a frequency consistent with chance it is not possible
to conclude whether they could discriminate between them as well. The number of stimuli
tested is much higher than has been previously tested with any other fish (Schaller, 1926;
Herter, 1929, 1930; Meesters, 1940; Matthews, 1964; Sutherland, 1964; Hemmings, 1965; Mark
& Maxwell, 1969; Wyzisk & Neumeyer, 2007; Sovrano & Bisazza, 2008; Siebeck et al., 2009;
Schluessel et al., 2012). Given the high accuracy of selecting S+ and avoiding S- the archerfish
achieved, and the large diversity of stimuli used, it is likely that the fish were using complex
shape information for discrimination rather than the presence/absence of specific features such
as a line or dot for example. This may be a reflection of their strategies used to forage on a
broad array of invertebrates found in their natural diet (Simon et al., 2009).
In conclusion, the learning strategies demonstrated by archerfish in our experiments may
be of ecological importance and represent mechanisms used by archerfish to respond to a range
of new or previously experienced objects in their environment. Archerfish develop a strong
association with negative/unrewarded stimuli while the choice between a learned positive stim-
ulus and novel stimuli is more variable between individuals. How archerfish decide between
these two options may be driven by factors unique to individuals such as their willingness to
take risks, personality or previous reward/punishment experience. We observed that decision
strategies for choosing objects that are not directly negative can be varied and dependent on
the context in which the objects were seen as well as the individual making the selection. As
37
a result, it is possible that other individuals may behave differently to what we have observed.
Our experiment examined the decision strategies of four individuals and as a result is not nec-
essarily a description of the full range of archerfish behaviours. However, our intention was
not to describe a general principle for all archerfish or to claim that the decision strategies
we observed apply to all individuals, but rather to show that the strategies themselves can be
complex and dependent on context as well as individual fish. In contrast to this variability, all
fish showed strong avoidance of the unrewarded stimuli. We conclude that the variation itself
may be an important mechanism for learning about new objects while avoidance learning is
likely to be widespread among archerfish and therefore important to survival.
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Chapter 3
Concept learning and the use of three common psychophys-
ical paradigms in the archerfish (Toxotes chatareus)
Reprinted from Frontiers in Neuroscience (Neural Circuits), Vol. 8, Newport, C., Wallace, G.
and Siebeck, U. E., Concept learning and the use of three common psychophysical paradigms
in the archerfish (Toxotes chatareus), pp. 1-13, Copyright 2014
3.1 Abstract
Archerfish are well known for their specialized hunting technique of spitting water at prey
located above the water line. This unique ability has made them a popular focus of study
as researchers try to understand the mechanisms involved in targeting and spitting. In more
recent years, archerfish have also become an increasingly popular model for studying visual
discrimination and learning in general. Until now, only the alternative forced-choice (AFC)
task has been used with archerfish, however, they may be capable of learning other classical
discrimination tasks. As well as providing alternative, and potentially more efficient, means
for testing their visual capabilities, these other tasks may also provide deeper insight into the
extent to which an organism with no cortex can grasp the concepts underlying these tasks. In
this paper, we consider both the matched-to-sample (MTS) and the odd-one-out (OOO) tasks
as they require the subject to learn relatively sophisticated concepts rather than a straight,
stimulus-reward relationship, of the kind underlying AFC tasks. A variety of line drawings
displayed on a monitor were used as stimuli. We first determined if archerfish could com-
plete the MTS and OOO test and then evaluated their ability to be retrained to new stimuli
using a 4-AFC test. We found that archerfish were unable to learn the MTS and had only
a limited capacity for learning the OOO task. We conclude that the MTS and OOO are
impractical as paradigms for behavioral experiments with archerfish. However, the archer-
fish could rapidly learn to complete an AFC test and select the conditioned stimulus with
a high degree of accuracy when faced with four stimuli, making this a powerful test for be-
havioral studies testing visual discrimination. In addition, the fish were able to learn the
concept of oddity under particular training circumstances. This paper adds to the growing
evidence that animals without a cortex are capable of learning some higher order concepts.
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3.2 Introduction
For many organisms, vision represents the primary source of sensory information for guiding
behavior. However, to date, the majority of what we have learnt about the processing of vi-
sual information has been gleaned through the study of a remarkably small range of higher
vertebrates (cat, rabbit, monkey, and human). Because these animals all possess a cerebral
cortex, many visual tasks, including object recognition, have been investigated in the context
of the considerable processing capacity which a cortex provides, permitting the development
of complex and or highly specialized models of how we solve specific visual recognition tasks.
However, there is evidence to suggest that much simpler models may be sufficient to explain
certain visual recognition abilities. One way to understand more about the mechanisms under-
lying visual recognition is to determine how animals lacking a cortex process complex visual
information. If, for example, animals without a cortex are able to perform specific tasks com-
petently, it suggests that, in that instance at least, specialized cortical systems may well not be
required after all. Conversely, if they struggle to perform a task this may indicate a significant
processing contribution of the cortex in that case. Fish represent an ideal model organism as
they lack a cortex, yet show sophisticated visual behaviors and can be trained to complete
behavioral experiments.
The majority of our knowledge about the visual system of fish comes from the fields of
morphology and electrophysiology, with only relative few studies choosing to employ behavioral
experiments to explore the animal’s visual abilities. Psychophysical (behavioral) tests offer an
important means for determining properties of the visual capabilities of fish (e.g. absolute
sensitivity, contrast sensitivity, spatial resolution, spectral sensitivity) but they can also be
designed to provide important information about the underlying mechanisms of information
processing. One area that has been explored behaviorally is how fish discriminate and/or
categorize shapes. These studies have shown that fish can perform seemingly complex visual
tasks such as image categorization (Schluessel et al., 2012), amodal completion (Sovrano &
Bisazza, 2008), and perception of illusory contours (Wyzisk & Neumeyer, 2007). A range of
species have been used in experiments including goldfish (Mackintosh & Sutherland, 1963;
Bowman & Sutherland, 1969, 1970; Sutherland, 1969; Sutherland & Bowman, 1969; Douglas
et al., 1988; Wyzisk & Neumeyer, 2007), redtail splitfin (Truppa et al., 2010), cichlids (Schluessel
et al., 2012), damselfish (Mussi et al., 2005; Siebeck et al., 2009, 2010), groupers (Darmaillacq
et al., 2011), parrotfish (Darmaillacq et al., 2011), weakly electric fish (Schuster & Amtsfeld,
2002; Von Der Emde et al., 2010), rays (Van-Eyk et al., 2011), and archerfish (Schuster et al.,
2004; Schlegel et al., 2006; Segev et al., 2007; Ben-Simon et al., 2012b; Gabay et al., 2013;
Newport et al., 2013; Rischawy & Schuster, 2013).
Archerfish are becoming increasingly popular as subjects for visual discrimination studies
due in part to their unique hunting technique of knocking down insects in overhanging foliage
using a jet of water. Several studies have focused on the mechanisms required for spitting (Mil-
burn & Alexander, 1976; Waxman & McCleave, 1978; Elshoud & Koomen, 1985; Timmermans
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& Vossen, 2000; Timmermans, 2000, 2001; Rossel et al., 2002; Timmermans & Souren, 2004;
Schuster et al., 2006; Schlegel & Schuster, 2008; Vailati et al., 2012) as well as their visual
capabilities (Braekevelt, 1985a,b; Temple et al., 2010; Ben-Simon et al., 2012b; Temple et al.,
2013). Recently a number of studies have also focused on the neural mechanisms of visual
discrimination (Schuster et al., 2004; Schlegel et al., 2006; Segev et al., 2007; Ben-Simon et al.,
2012a; Ben-Tov et al., 2013; Gabay et al., 2013; Rischawy & Schuster, 2013).
The goal of visual discrimination studies is to understand the circumstances under which
a subject can perform relevant learning and discrimination, and beyond that, the robustness
of the underlying representations to new exemplars of a target or to other objects within
a category. In general terms, discrimination tasks in fish operate in a manner not unlike
those conducted on human subjects. Visual stimuli are presented to the subject and some
form of behavior is recorded as a response. Psychophysics tests can rely on observations of
innate behaviors such as optomotor response or eye movements, as well as learned behaviors
instantiated through classical and/or operant conditioning. Archerfish are particularly well
suited for operant conditioning experiments as they are easily trainable, highly motivated, and
their method of stimulus selection (i.e. hitting stimuli with a jet of water) produces an easily
measurable response.
There are a number of psychophysical tests that can be employed to test the visual ca-
pabilities of fish (Schuster et al., 2011); however, a common approach is the two-alternative
forced-choice (2-AFC) task. In this task, subjects are conditioned to associate a particular
stimulus with a reward. The test involves identifying the conditioned stimulus (S+) when it is
presented together with a single unconditioned distractor stimulus (S-). Archerfish have also
been trained successfully to complete a 4-AFC task in which S+ is one of four stimuli (Ben-
Simon et al., 2012b; Newport et al., 2013). While this test can be used to answer a wide range
of questions about what an animal can discriminate, the conditioning process can be arduous
as subjects have to be retrained to a new set of S+/S- stimuli following the completion of a
particular experiment.
There are other psychophysical tests that do not require conditioning to particular stimuli
but instead rely on the subject’s ability to learn associative rules such as the matched-to-
sample (MTS) and odd-one-out (OOO) tasks. In the MTS task, the goal is for the subject
to match a sample stimulus with a comparison stimulus (S+) shown in the presence of a
distractor (S-). The sample can either be shown together with the comparison and distractor
stimuli (simultaneous MTS), or the sample can be shown prior to the comparison and distractor
stimuli being presented (delayed MTS). The delayed MTS can be used as a test of both working
memory and visual discrimination ability. In a complementary method to the MTS, called the
oddity-from-sample (OFS), the rewarded stimulus is the one which does not match the sample.
Both reward systems require that subjects are able to discriminate the stimuli and to remember
the sample.
The OOO task requires that subjects select a stimulus that is different amongst a set of
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like distractors. Unlike the delayed MTS/OFS paradigm, the OOO places only weak, if any,
demands on working memory; subjects must simply discriminate between stimuli. However,
crucially, in both types of task, subjects must learn the general concept of the task rather
than simply associating a particular stimulus with a reward. Although conceptually more
challenging, the advantage of the MTS/OFS and OOO tasks is that subjects do not need to
be continually retrained to new stimuli. Not only can this decrease the time required to run
an experiment, but also means that the discrimination capabilities of the subject can be tested
with many stimuli, not just a particular conditioned one. It also makes it possible to reverse the
role of test stimuli between target and distractor, reducing the chance that behavior is being
driven by some inherent affinity the subject has for a particular visual feature or brightness
level etc.
Knowing that archerfish can complete the MTS/OFS and OOO would be useful for the
design of future discrimination experiments for several practical reasons, but may also provide
insights into the cognitive abilities of these fish, namely their capacity for concept learning.
Humans are notable in the animal kingdom for their extensive use of advanced concepts which
are the foundation for the creation of language and numbers. Learning concepts can provide
significant advantages to animals by allowing them to transfer previously gained knowledge to
new objects and situations. As a result, it is reasonable to assume that these abilities did not
arise solely in humans but have origins in other animals. Indeed, reports that animals can
learn concepts (see Zentall et al., 2008, for a review of concept learning in animals) provide
further evidence for this hypothesis. In humans the area of the brain associated with conceptual
learning is the cortex (Martin, 2007; Binder & Desai, 2011). If fish, which lack a cortex, are
unable to learn either of these tests it may suggest that they have trouble learning the associated
concept and that the cortex is a requirement of higher learning. Likewise, if archerfish are able
to learn the OOO task but not the delayed MTS/OFS task it may imply that they can learn
concepts but do not have an adequate working memory. As a result, the inability of fish to
perform a specific task may be just as telling as their ability to do it.
Most visual experiments involving fish have so far have used AFC tasks, however, Goldman
& Shapiro (1979) and Zerbolio & Royalty (1983) did show that goldfish could complete a
simultaneous MTS/OFS task. In a more recent study, experimenters were unable to train
cichlids to complete a similar simultaneous MTS task (Gierszewski et al., 2013). It is important
to note that all tests with fish have used a simultaneous MTS/OFS test where three stimuli
were presented in each trial (the sample, S+ and S-). While subjects could solve the task by
matching the sample with the comparison stimulus, it could also be solved by simply selecting
or avoiding the stimulus that is different from the other two. As a result, it is impossible to
determine if the fish had learned a matching task or an oddity task. We aimed to determine if
archerfish could complete either or both of these tasks. To ensure that the fish were learning
the MTS/OFS and not simply solving based on oddity, a delayed MTS/OFS was tested for the
first time. As a comparison, the archerfish were additionally trained to complete a 4-AFC test.
These results were used to evaluate how quickly archerfish could be retrained to new stimuli.
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3.3 Materials and methods
3.3.1 Subjects
Seven large-scale archerfish (Toxotes chatareus ; Hamilton, 1822) were purchased from local
suppliers. The total length ranged from 6 to 10 cm. All fish were kept in accordance with
The University of Queensland Animal Ethics Committee approval (AEC Approval number:
SBMS/241/12). Subjects were housed in individual aquaria (30 cm × 60 cm × 30 cm) that
served as both a holding and experimental tank. The fish were kept under a 12:12 h light: dark
cycle using full spectrum fluorescent lights (F36T8/840, Cool White, Crompton, Australia)
and supplied with recirculating fresh water maintained at 24 ± 0.5◦C. Opaque dividers were
placed between aquaria to ensure fish were unable to see each other, and therefore eliminate
the possibility of observational learning. Fish were fed mini pellets (Cichlid Gold R©, Kyorin Co.
Ltd., Japan) daily as part of experiments. The fish had different levels of previous experience;
however, all subjects had at least been pre-trained to spit at stimuli presented on a monitor,
following methods described in Newport et al. (2013).
3.3.2 Apparatus
Stimuli were displayed on a 15 inch LCD monitor (SyncMaster 153v, Samsung) with a Plexiglas
housing. This was suspended above the aquaria and oriented parallel to the water’s surface,
as described in Newport et al. (2013). The stimuli were presented in different positions on the
monitor depending on the experimental paradigm (see General Procedures 3.3.3). All stimuli
were created using Microsoft PowerPoint and Adobe Photoshop CS5 (Table 3.1) and were 2.5
cm × 2.5 cm in size.
3.3.3 General procedure
Our aim was to test whether archerfish could learn the concepts required to solve OOO and MTS
tests. A total of four experiments were conducted: (1) the OOO, (2) the delayed MTS/OFS,
(3) the simultaneous MTS/OFS and (4) the 4-AFC. Different approaches can be used to train
subjects and because neither the OOO nor MTS/OFS tests had been tested in archerfish
before, the ideal training procedure was unknown. As a result, a series of training approaches
was attempted so that if one method did not work, it would be possible to progress to a new
one. A variety of simple line drawings (see Table 3.1), were used as stimuli in all experiments.
These stimuli were chosen because Newport et al. (2013) showed that archerfish were able to
easily discriminate these shapes. In our previous study, archerfish were trained to discriminate
four shapes using a 4-AFC test (one S+ and three different S- stimuli). These results not only
showed that archerfish use a variety of strategies when making decisions about stimuli but
also that they are able to discriminate four trained shapes from 60 novel ones. Here, we also
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use shapes because they are easily discriminable by archerfish and therefore any breakdown
in performance was more likely due to problems with the test itself and not the stimuli used.
Methods for each experiment are described in detail below but see Table 3.1 for a summary of
all methods and stimuli used.
In all experiments, archerfish selected a stimulus by hitting it with a jet of water (referred
to as a ‘hit’). The fish were rewarded with one food pellet each time they correctly hit S+.
Incorrect choices terminated the trial without a reward and stimuli were removed from the
monitor, except in some initial training sessions (the first 1-2 sessions) where the fish were
given the opportunity to select various stimuli until they hit S+, at which point they were
rewarded. This was to help the fish learn which stimulus was correct. In all following sessions
the fish were only given one chance to make a selection. A squeegee was then used to remove
water from the Perspex R© monitor cover. The next trial began after a brief delay. An individual
was considered to have successfully learned the task once performance was significantly different
from chance for two consecutive sessions (see Statistical Analysis 3.4 for statistical calculations).
3.3.4 Odd-one-out
Four fish (Fish 1, 2, 3, and 4) were trained to select the odd stimulus (S+) out of three other
identical stimuli (S-). Four shapes (S1, S2, S3, and S4) were used as stimuli (Table 3.1) and all
shapes could be both rewarded and unrewarded depending on whether they were acting as S+
or S-. In any given trial, only two of the four possible stimuli were presented, one being S+ and
the other S-. There were four stimulus display positions on the monitor (monitor coordinates:
-200 150, 200 150, -200 -150, and 200 -150) and the positions of all stimuli were randomized
in all experiments with the constraint that S+ was never in the same position in consecutive
trials (Figure 3.1A). Sessions were run until each subject completed 10 sessions (20 trials per
session). If the subjects were able to successfully complete the task, two transfer sessions were
run in which the four familiar shapes were exchanged for four novel stimuli. The transfer tests
served to show if the fish had learned the concept of the OOO test in which case they should
be able to transfer this knowledge to new stimuli.
3.3.5 Matched-to-sample/oddity-from-sample
Delayed MTS/OFS.
In the delayed MTS/OFS paradigm, the subject was first presented with a sample followed
by a pair of comparison stimuli, one of which was identical to the sample. In the MTS task,
the subject must select the comparison stimulus that matches the sample to receive a food
reward. In the OFS task, the subject must select the stimulus that is different to the sample
(Figure 3.1B). Two fish (Fish 3 and 6) were trained to the MTS task and a further two fish
(Fish 5 and 7) were trained to the OFS task throughout all MTS and OFS experiments. The
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Figure 3.1: Illustration of the stimulus presentation protocols used in the delayed and simultaneous
matched-to-sample/oddity-from-sample (MTS/OFS), and the odd-one-out (OOO) task. Stimuli were
a range of black line drawings (not drawn to scale in figure) on a white background, presented on a
computer monitor suspended directly above the aquarium. (A) Odd-one-out. The archerfish were
presented with four stimuli, three identical S- and one different S+. These stimuli could appear in
any of four possible positions on the monitor. The archerfish were required to select the single reward
stimulus (S+). In this case the correct response is indicated as a dashed line representing a correctly
aimed spit response. (B) Delayed MTS/OFS. The archerfish were presented with the sample stimulus
in the middle of the monitor, shown here as S. The archerfish were required to hit the sample stimulus
in order to trigger the display of the comparison stimuli and the removal of the sample. Of the two
comparison stimuli, one stimulus was identical to the sample and the second stimulus was different
from the sample. The fish was required to select the matching stimulus in the MTS test or select the
different stimulus in the OFS test. In the figure, an example of a correct response is indicated as a
spit to the reward stimulus. (C) Simultaneous matched-to-sample/oddity-from-sample. Similarly to
the delayed MTS/OFS, a sample stimulus was presented in the middle of the monitor (S). However,
once the archerfish hit the sample it remained on the monitor and the two comparison stimuli (S+
and S-) were immediately presented. The archerfish then selected either S+ or S- but selection of the
sample stimulus was neither rewarded nor penalized.
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reason for training fish to complete the MTS and OFS task was that Newport et al. (2013)
found that when archerfish learn a 4-AFC task S- plays an important role in learning and that
the archerfish develop a strong association with S-. As a result, we hypothesized that archerfish
may find the task easier if they were required to avoid the stimulus that matched the sample.
Either approach provides a valid test of the fish’s ability to discriminate the two stimuli.
The training consisted of two steps. In step 1, 10 different shapes were used as stimuli
(Table 3.1) and all shapes were used as both S+ and S-. A trial began when the sample
stimulus was displayed in the center of the monitor (monitor coordinates: 0 0). Once the
archerfish hit the sample, a key was hit by the experimenter which removed the stimulus from
the monitor and caused S+ and S- to be presented on either side of where the sample stimulus
had been shown (monitor coordinates: -90 0, 0 90). The positions of S+ and S- were randomized
under the constraint that S+ was never in the same position in more than two consecutive trials
and that S+ and S- were presented on each side equally often. The fish were rewarded with
one food pellet every time they hit S+. Incorrect choices terminated the trial without a reward
and stimuli were removed from the monitor. Between trials, a squeegee was used to remove
water that had accumulated on the Perspex R© monitor cover. Daily training sessions consisted
of 20 trials; except in rare cases where a fish would not complete every trial within a session
due to variations in motivation. A total of 19 sessions was completed by all fish. In addition,
the two fish that were trained to MTS were given an extra 10 pre-trials where only S+ was
displayed after the sample. This was intended to reinforce the association between the sample
and S+. The two fish trained to OFS were not given these pre-trials as it was impossible with
this experimental design.
In step 2, the number of stimuli was reduced to three, all of which were used as both S+
and S-. These stimuli were different to those presented in the previous MTS/OFS procedures
(Table 3.1). The number of stimuli was reduced because Goldman & Shapiro (1979) were
successful at training goldfish to complete a simultaneous MTS task using only three stimuli.
The procedures were identical to those of MTS/OFS methods 1. Sessions consisted of 20 trials
and 10 sessions were completed.
Simultaneous MTS/OFS
The methods used by Goldman & Shapiro (1979) were replicated to train the archerfish to
complete a simultaneous MTS/OFS task. The difference between the simultaneous and delayed
MTS/OFS is that the sample remains in place and the two stimuli choices (S+ and S-) appear
on either side of the sample once the archerfish hits the sample (Figure 3.1C). In this situation
there is no consequence to hitting the sample (it is neither rewarded nor causes the termination
of a trial) so this is still considered a two choice test and selection frequency is expected to
be 50% if at chance. All other components of the procedure were the same as in the delayed
MTS/OFS step 2 including the stimuli used. A total of 40 sessions was attempted for all fish;
however, due to variations in motivation not all fish completed the full 40 sessions.
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At the conclusion of the simultaneous MTS experiment, a control test was run to determine
if the archerfish could discriminate the three shapes. This was done in order to eliminate
the possibility that the archerfish were unable to complete this task due to a breakdown in
discrimination ability. Two fish (5 and 7) were presented with a 3-AFC task and were trained
to select one S+ from two different S-. Each fish was trained to a different S+ to ensure that
an individual S+ was not affecting performance. Stimuli were presented in the same positions
as described for all MTS tasks. Fish 3 and 6 did not complete this control test due to a lack
of motivation to participate in any further testing. Fish 5 was trained to select S1 and Fish 7
was trained to select S2 (Table 3.1).
3.3.6 Four-alternative forced-choice
The archerfish were trained to complete a 4-AFC test in which four stimuli were presented in
each trial (one S+ and three identical S-). To determine how many sessions were required to
retrain the fish to novel stimuli, the fish were then conditioned to two novel stimuli. A further
test was run with another two novel stimuli to determine if retraining to new stimuli required
less sessions when the fish had practice. Finally, a test was run with all three conditioned
pairs in the same session. This was done to determine if archerfish could remember up to
three conditioned stimulus pairs at the same time which may allow for greater flexibility for
the design of future experiments.
Four fish (Fish 1, 2, 3, and 4) were conditioned to discriminate between one cross (S+) and
three identical squares (S-). There were four stimulus display positions on the monitor (monitor
coordinates: -200 150, 200 150, -200 -150, and 200 -150) and the positions of all stimuli were
randomized in all experiments with the constraint that S+ was never in the same position in
consecutive trials. Sessions consisted of 20 trials and were run until each subject had completed
a minimum training criterion of five sessions and reached an S+ selection frequency ≥ 70% in
two consecutive sessions. This criterion was chosen because in order for a task to be used as a
visual discrimination test, subjects should be able to complete each training task with a high
degree of accuracy and should demonstrate consistency in their performance. This is to ensure
that when analyzing performance during transfer tests with new stimuli, any changes in fish
behavior are due to the new stimuli and not simply stochastic variation. Archerfish have been
shown to reach accuracy levels of up to 95% when presented with a 4-AFC test with shapes as
stimuli (Newport et al., 2013) which is much higher than required for significance.
The stimuli were then substituted for a second pair; a triangle (S+) and three identical stars
(S-) and the same method was repeated as described above. After each fish had completed the
required training sessions, a third pair of stimuli was introduced: an arrow (S+) and three
identical crescents (S-). Once the fish had learned all three stimulus pairs, a test was run to
determine if the fish could continue to complete the task when all three pairs were presented
within the same session. For each trial, one pair was chosen at random with the restriction
that the same pair was not shown in two consecutive trials and all pairs were shown equally
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often. Two test sessions were run. See Table 3.1 for stimuli.
3.4 Statistical analysis
Selection frequencies for each stimulus type (S+ or S-) were calculated for each condition per
fish by tallying the number of hits for all trials per session. The raw data were analyzed using a
Chi-square test. In both the AFC and OOO paradigms four stimuli are presented. As a result,
the expected selection frequency of S+ if chosen at random is 25%. A selection frequency of S+
≥ 45% (N = 20 trials) is statistically significant (P = 0.039). In the MTS/OFS task, only two
stimuli can be chosen so the expected selection frequency of either stimulus is 50% if chosen at
random. A selection frequency ≥ 75% (N = 20 trials) is statistically significant (P = 0.025).
A Chi-square test was used to test for positional bias. For the AFC test, the two test sessions
were tested for positional bias and for the OOO and MTS/OFS tests the last two sessions
completed by the subject were tested (N = 40 trials). The expected selection frequency of each
position is 25% in the AFC and OOO tests and 50% in the MTS/OFS tests. An additional test
of the same sessions was done for stimulus selection bias using a Chi-square test. In both the
AFC and OOO procedures, not all stimuli are presented within a trial, however, the presentation
of each stimulus is balanced so that all stimuli are shown in equal frequencies within a session.
Therefore, the expected selection frequency of each stimulus is 16.6% in the AFC test (six
different stimuli) and 25% in the OOO test (four different stimuli). For MTS/OFS tests the
expected S+ selection frequency with 10 stimuli is 10% and 33.3% with three stimuli. Only
the last two sessions were used because training is a learning process and as a result we only
wanted to test the sessions where the fish was most likely exhibiting the learned behavior.
3.5 Results
3.5.1 Odd-one-out
Of the four fish tested, two individuals (Fish 1 and 2) were able to reach a significant selection
frequency (S+ selection ≥ 45%) in two consecutive sessions (Figure 3.2). However, the accuracy
of these subjects was variable and selection of S+ was significant in only some of the 10 sessions
(two and five sessions, respectively). Two fish (Fish 3 and 4) were also able to reach an accuracy
above chance, however, performance was again inconsistent and significance was only achieved
in two sessions out of 10 each. Because Fish 2 reached significance in three sessions, two transfer
tests with new stimuli were completed, however, only an S+ selection frequency of 20% in the
first session and 35% in the second session was achieved, which are not significantly different
from chance (session 1: P = 0.606; session 2: P = 0.302).
A test for positional and stimulus bias was run for all fish. Fish 2 was the only individual to
exhibit a positional bias (P < 0.001), predominantly selecting stimuli in position 1 (position 1:
53
Figure 3.2: Discrimination performance as a function of time (binned by testing session), for four
fish performing an odd-one-out task. Two stimuli were selected for each trial from a pool of four
possibilities. See Table 3.1 for stimuli used. The dashed line at 45% indicates a statistically significant
selection frequency of S+ and the dashed line at 25% indicates chance.
50%; position 2: 27.5%; position 3: 15%; position 4: 7.5%). This individual was also the only
one to exhibit a significant stimulus bias (P < 0.05) selecting S4 in 45% of trials (S1: 32.5%;
S2: 17.5%; S3: 5%).
3.5.2 Matched-to-sample/oddity-from-sample
Delayed MTS/OFS
Neither Fish 3, 5, nor 6 was able to reach statistical significance after 19 sessions in step 1
(Figure 3.3A). Fish 7 did achieve an S+ selection frequency ≥ 75% in two out of 19 sessions,
however, never in consecutive sessions.
The final two sessions of step 1 for each fish were tested for a possible positional bias. Three
of the fish (Fish 3, 5, and 6) exhibited a significant side bias (P < 0.001). While Fish 3 selected
stimuli on the right side at a higher frequency, Fish 5 and 6 preferred stimuli on the left. Fish
7 showed no preference for either stimulus position (P = 0.114). None of the fish showed a
preference for any of the 10 stimuli presented (Fish 3: P = 0.689; Fish 5: P = 0.941; Fish 6:
P = 0.834; Fish 7: P = 0.534).
Following the delayed MTS/OFS task with 10 stimuli, a further 10 sessions were completed
in which the number of stimuli presented was reduced to three. Two individuals, Fish 6 and
7, reached significance for one session each, however, the other two fish (Fish 3 and 5) did not
(Figure 3.3B).
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Figure 3.3: Results of three training procedures for matched-to-sample/oddity-from-sample
(MTS/OFS) tasks. (A) Learning curve of four archerfish when presented with a delayed MTS/OFS
task. A pool of 10 shapes was used as stimuli. (B) Learning curve of four archerfish given a similar
delayed MTS/OFS task with the modification that the pool of stimuli used was reduced to three. (C)
Learning curve of four archerfish given a simultaneous MTS/OFS task using a pool of three shapes as
stimuli. The dashed line at 75% in all figures indicates a statistically significant selection frequency
of S+ and the dashed line at 50% indicates chance. Filled symbols represent fish trained to an OFS
task and empty symbols represent fish trained to a MTS task. See Table 3.1 for example stimuli.
55
Figure 3.4: Selection frequency of three stimuli (S1, S2, and S3) for two experiments; (A) delayed
MTS/OFS, and (B) simultaneous MTS/OFS. See Table 3.1 for example stimuli. The total trial
number was 40 for each experiment and the selection frequency of each stimulus was tested for a
selection preference using a Chi-square test.
No fish exhibited a positional bias in the final two sessions (Fish 3: P = 0.527; Fish 5: P
= 0.206; Fish 6: P = 0.527; Fish 7: P = 0.342) however, three of the fish did show a stimulus
bias (Fish 3: P = 0.149; Fish 5: P = 3.74 × 10−3; Fish 6: P = 9.66 × 10−4; Fish 7: P =
5.44 × 10−3). All three fish avoided one of the stimuli, however, the stimulus avoided varied
between fish (Figure 3.4A).
Simultaneous MTS/OFS
None of the fish were able to achieve an S+ selection frequency ≥ 75% (Figure 3.3C). The
number of sessions completed was variable between fish and, as a result, Fish 6 only completed
36 sessions and Fish 3 completed 37. Both Fish 5 and 7 completed all 40 sessions. No fish
exhibited a position bias in the final two sessions (Fish 3: P = 0.527; Fish 5: P = 0.107; Fish
6: P = 0.527; Fish 7: P = 0.342). All fish had a significant stimulus selection bias and avoided
one of the stimuli; however, the stimulus avoided varied between fish (Figure 3.4B).
Both fish 5 and 7 were able to successfully learn the 3-AFC control test and reached a
statistically significant S+ selection frequency (≥ 55%) in two consecutive sessions within four
sessions (Figure 3.5). These results indicate that the stimuli used could be discriminated by
the fish.
3.5.3 Four-alternative forced-choice
All fish were able to reach well above a statistically significant S+ selection frequency (≥ 45%)
when presented with a cross (S+) and a square (S-) within 2-3 sessions (Figure 3.6A). They
continued to reach ≥ 45% when presented with the second stimulus pair, a triangle (S+) and
star (S-), but took 4-9 sessions to do so (Figure 3.6B). The final stimulus pair was an arrow
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Figure 3.5: Discrimination performance as a function of time (binned by testing session), indicating
the steady improvement observed for two fish carrying out the 3-AFC task. Fish 5 and 7 were trained
to select S1 and S2, respectively (Table 3.1).
(S+) and a crescent (S-). All fish reached ≥ 45% within 2-9 sessions (Figure 3.6C) and two of
the fish (Fish 2 and 3) achieved 100% accuracy in all five sessions. Regardless of the stimuli
presented, the fish were able to be re-trained and complete the task with different stimuli. All
fish were able to select S+ at a frequency ≥ 45% when all three stimulus pairs were presented
within the same session showing that they could complete the task (Figure 3.7).
3.6 Discussion
The overall aim of this project was to explore the ability of archerfish to solve two concept based
psychophysics tests. The MTS/OFS and the OOO tests both require that the subject learn
a concept rather than simply learning to associate a particular stimulus with a reward. One
benefit of these tests is that a large number of stimuli can be tested within a single experiment
without having to continuously retrain the subject to new stimuli. Another benefit is that they
can provide information about how subjects are able to learn to complete complex tasks. The
results of the OOO test show that two out of four archerfish reached a statistically significant
S+ selection accuracy in two consecutive sessions and therefore passed the test. In contrast,
none of the four archerfish were able to reach statistical significance in two consecutive sessions
in the delayed or simultaneous MTS/OFS test. Our findings indicate that some archerfish
may be able to learn the concept based OOO tests, however all were unable to learn the
MTS/OFS regardless of the training procedure used. A 4-AFC test was then conducted as a
comparison to the other tests and to assess how easily archerfish could be retrained to new
stimuli. All archerfish reached a much higher S+ selection accuracy in the 4-AFC test with
one S+ and three identical S- (present study) and the 4-AFC in which all four stimuli were
different (Newport et al., 2013) than in the MTS/OFS or the OOO tests. We found that
retraining archerfish to new stimuli required few sessions and that they could be trained to
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Figure 3.6: Learning curve of four archerfish conditioned to complete a 4-AFC task. Four stimuli
were presented where three stimuli were identical and were unrewarded (S-) while a single unique
stimulus was rewarded (S+). In A, S+ is a cross and S- is a square. The stimuli were then replaced
by a star (S+) and a triangle (S-; B). Stimuli were changed for a third time to an arrow (S+) and
a crescent (S-; C). The dashed line at 45% in all figures indicates a statistically significant selection
frequency of S+ and the dashed line at 25% indicates chance. See Table 3.1 for example stimuli.
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Figure 3.7: Selection frequency (%) of S+ using a 4-AFC test where all three conditioned stimulus
pairs were presented within a session. The results of two testing sessions (N = 20 trails each) are
presented for four subjects. The dashed line at 45% indicates a statistically significant selection
frequency of S+. All subjects achieved an S+ selection frequency above chance.
recognize up to three conditioned stimulus groups at once. In addition, we found after training
the fish to two different sets of stimuli, some individuals were able to achieve 100% accuracy
within the first training session with new stimuli pairs. This would appear to indicate that
archerfish are capable of generalizing their learning to novel stimuli, indicative of some degree
of task relevant conceptual learning, rather than merely stimulus specific learning.
The OOO test requires that subjects apply the concept of oddity to solve the task. It has
been primarily used as a test for visual discrimination in primates but has been shown to be
solvable by other animals such as pigeons (Blough, 1986), cats (Boyd & Warren, 1957), and
goats (Roitberg & Franz, 2004). It has never before been tested in fish. In this test, each
archerfish was given 10 training sessions (200 trials). The results of our experiments show
that all four archerfish were able to reach statistical significance in a combined 11 out of 40
sessions (2, 5, 2, and 2 sessions, respectively) yet only two of these fish (Fish 1 and 2) could
do this in consecutive sessions. These results suggest that two of the fish had learned the
task. The probability of reaching our learning criteria by chance in a particular session, and
thereby getting a false positive result, is P = 0.0389 (N = 20 trials). Therefore within the
10 sessions performed by four fish, we would expect two sessions to be positive due to chance
(0.0389*10*4 = 1.55). Therefore it is unlikely that our observed results are simply due to false
positives. It is even less likely considering that two of the fish reached an S+ selection accuracy
of ≥ 45% in consecutive sessions. However, there appears to be no learning curve whereby
performance improves over the number of training sessions. In addition, when Fish 2 was given
a transfer test in which the stimuli were changed for novel shapes, performance was at chance.
True evidence that the concept of oddity has been learned requires that the subject apply the
concept to novel stimuli. As a result, it appears as though the archerfish may have had only a
59
limited understanding of this task if at all. This is somewhat surprising as this task is likely
to be of ecological relevance to many species of fish. For example, targeting rare prey in a
group increases the chance of predatory fish catching their prey (Landeau & Terborgh, 1986;
Theodorakis, 1989; Almany et al., 2007). However, it is possible that archerfish gain no such
advantage in singling out a rare object and have therefore not developed this skill. Archerfish
are generalist feeders that encounter many insect species in their natural environment. In order
to catch insects, they must spit at many potential food sources and only make a decision about
whether or not to ingest something after they have taken it into their mouth and “tasted” it.
As a result, visually selecting an individual insect from a crowd may not provide any benefit
to archerfish. It may be possible that other species, especially predators that hunt schooling
fish, will prove more adept at the OOO task. Future experiments are required to test this
hypothesis.
In the MTS/OFS test, subjects must apply the concept of matching to select or avoid
a stimulus that is the same as a previously presented sample stimulus. A series of training
procedures was attempted to train the archerfish to the MTS/OFS test; however, the results of
all three MTS/OFS training procedures show similarities in that all fish were unable to perform
the task in more than one consecutive session. In step 1, all fish were allowed 19 sessions (380
trials) and in step 2, all fish were given a further 10 sessions (200 trials). In the simultaneous
MTS/OFS two fish completed 40 sessions (800 trials) while one fish completed 36 (720 trials)
and another completed 37 (740 trials) sessions. Although two (Fish 6 and 7) fish did reach
above significance on occasion, these match the number of expected false positives. As was
observed in the OOO test, there was no evidence of improved performance throughout the
training period. The archerfish showed similar results in both the delayed and simultaneous
MTS, making it unlikely that their poor performance was due to a lack of working memory
alone. In addition, Newport et al. (2013) found evidence that when solving a task where multiple
stimuli are presented, archerfish examined each stimulus individually, a behavior which would
require some form of working memory. It is more likely that the archerfish lacked the ability to
understand the relationship between the sample and the comparison stimuli and, as a result, did
not learn the concept of “sameness/difference”. Primates can learn this “sameness/difference”
concept (e.g. Premack, 1976; Oden et al., 1988; Fagot et al., 2001; Wasserman et al., 2001;
Young & Wasserman, 2001, 2002) and there is evidence that non-primate species such as bees
(Giurfa et al., 2001), dolphins (Herman et al., 1989, 1994; Mercado III et al., 2000), sea lions
(Pack et al., 1991; Kastak & Schusterman, 1994) and pigeons (e.g. Blaisdell & Cook, 2005;
Bodily et al., 2008) are also capable of doing so. Based on our results and those of Goldman &
Shapiro (1979), Zerbolio & Royalty (1983) and Gierszewski et al. (2013) it appears as though
the answer for fish may be dependent on the species and possibly their particular ecology.
Archerfish were then trained to complete a 4-AFC test. Although the 4-AFC test has been
proven to provide reliable results (Ben-Simon et al., 2012b; Newport et al., 2013), it is limited
by the fact that subjects must be conditioned to a particular stimulus. It was thought that
retraining fish to new stimuli would take just as many sessions as initial training, but this had
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not yet been shown experimentally. Following the initial training, the archerfish were trained
to two additional stimulus pairs. We found that the archerfish generally learned new S+/S-
combinations in fewer sessions in step 3 than required for initial training. In the initial training
test and the first test with new stimuli, all fish showed typical learning curves where accuracy
generally increased as more sessions were completed. However, when the stimuli were changed
for a third time, two fish were able achieve an accuracy of 100% within the first session. In a
4-AFC test where all distractors are the same, it is possible to solve the task by simply applying
the concept that the one stimulus that is different is the correct answer. The ability of some
individuals to solve the task immediately suggests that the fish learned the concept of selecting
the single S+ stimulus and could apply it to new stimuli. What is different between the OOO
and 4-AFC test is that the role of the stimuli did not change in the 4-AFC test. In the OOO
test the same stimuli could be used as both S+ and S- whereas in the AFC a particular stimulus
could only represent either S+ or S-. For archerfish, the concept of oddity may break down once
the same stimuli are used as both S+ and S-. It is possible that reassigning the role of a learned
object is unnatural for archerfish. For example, if the fish had learned that an object had a
negative association (i.e. it was unrewarded or inedible), it may be rare that the properties of
that object would change to being positive (i.e. the object becoming more palatable). As a
result, once archerfish learn the role of an object they do not easily reverse their association.
Not all fish applied this strategy and instead exhibited a similar learning curve as observed
in the previous two experiments except that they selected S+ at a frequency higher than chance
within the first session. The number of sessions required to learn each task was variable. In
all tests, Fish 1 consistently required more sessions to learn than the other three fish. It
is possible that this fish did not understand the task as easily as the others. Alternatively,
archerfish individuals have been shown to apply different decision strategies when solving the
AFC test (Newport et al., 2013). It is possible that Fish 1 was using a different strategy from
the other fish that required more sessions to learn. A third alternative is that this individual
had a different level of motivation for completing the task. A final test was completed in which
the fish were faced with all three pairs of stimuli within the same session. This was done to
determine if they could remember multiple conditioned stimuli at the same time. All four fish
were able to complete this task. Although using new stimuli does require retraining, our results
show that fish can progressively learn faster and faster. In addition, they can learn more than
one set of stimuli at a time, meaning that more complex experiments can be designed.
It is interesting to note that when the archerfish did not grasp the MTS/OFS or OOO
tasks, they did not simply choose stimuli at random but instead resorted to using at least two
different strategies to solve the problem. When confronted with a difficult task it is common
for fish to develop a strong preference for stimuli on a particular side (Northmore & Yager,
1975). In the case of the delayed MTS/OFS test where 10 different stimuli were used, three of
the four fish tested, developed a side bias. In experiments where fewer stimuli were used such
as the OOO test with four alternating stimuli, the simultaneous MTS/OFS and the delayed
MTS/OFS with three stimuli, the fish generally developed a stimulus bias in which they had a
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hierarchal preference for stimuli.
The results of our experiments provide some interesting insight into the limitations of the
fish brain. Because of the nature of the tests used, the poor performance of the archerfish when
presented with the MTS/OFS and OOO tests could suggest a deficiency of the working memory
or an inability to learn concepts. Newport et al. (2013) found evidence from the 4-AFC test that
archerfish consider stimuli independently and sequentially based on the fact that the anatomy
of their eye makes it unlikely they could view more than one stimulus at a time and the fact that
there were variable reaction times when responding to different stimulus types. This indicates
that archerfish have an adequate working memory to consider all stimuli on the monitor and
therefore to at least perform the simultaneous MTS and OOO tests. The problem then may
lie with concept learning. Traditionally it has been thought that the evolution of vertebrate
brains has progressed linearly in increasing complexity. Fish, the most primitive vertebrate
group, therefore would have the simplest brains and would be expected to be incapable of
more complex tasks. However, there is increasing evidence that fish share similar learning and
memory capabilities with other vertebrates and that these are based on equivalent or similar
neural mechanisms and brain systems. For example, classical conditioning of simple motor
responses such as eye blink responses occurs in the cerebellum in both mammals (Thompson &
Steinmetz, 2009) and fish (Go´mez et al., 2010). Similarly, emotional conditioning and spatial
memory is linked to the telencephalon and cerebellum of fish and homologous structures such
as the amygdala and cerebellum of mammals (see Broglio et al., 2011, , for a review of the
neural mechanisms of cognition in fish). In humans, the frontal cortex is generally associated
with abstract rule learning (Strange et al., 2001; Koechlin et al., 2003; Bunge, 2004; Bor &
Owen, 2007; Christoff & Keramatian, 2007) and therefore it is possible that since fish lack
a cortex, they will be unable to learn concepts. However, the neural mechanisms of concept
learning in fish have not yet been examined and it is impossible to say if fish have homologous
structures that enable them to perform this task. The results of the AFC retraining described
in this report suggest that archerfish are capable of learning some sort of relational concept and
predatory fish are able to apply the concept of oddity to hunting prey (Landeau & Terborgh,
1986; Theodorakis, 1989; Almany et al., 2007). In addition, other animals lacking a cortex are
capable of the concept based MTS/OFS (bees: Giurfa et al., 2001; birds: Zentall & Hogan, 1974;
goldfish: Goldman & Shapiro, 1979, Zerbolio & Royalty, 1983) and OOO (birds: Blough, 1986)
tasks. The fact that both archerfish and cichlids (Gierszewski et al., 2013) appear incapable
of learning the MTS/OFS task yet goldfish can, suggests that fish in general may have the
neural mechanisms required for concept learning; however, different species may apply different
decision rules which limit their performance. The ability to complete this task may come
down to the general ecology of the species. Alternatively, it is possible that some species have
evolved specialist hardware for this sort of task. Of course we cannot exclude the possibility
that our training procedures did not adequately convey the task to the archerfish. Although
we tried a range of training procedures, it is possible that different training techniques may
elicit better performance. The combined evidence from fish, birds and bees, all of which lack
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a cortex, suggests that having a cortex is not a requirement for learning abstract relationships
and concepts. However, many of these tests show that these animals can have limitations in
their capabilities such as decreased performance when novel stimuli are introduced (Zentall &
Hogan, 1974; Giurfa et al., 2001). It may be that a lack of cortex limits the flexibility of learning
these concepts and that comprehension can only occur under specific conditions. However, one
should be cautious in over-interpreting our results and more focused research in this field is
required.
Although our results suggest that archerfish are incapable of learning the MTS/OFS and
OOO tests, it is possible that they would be able to learn these under different experimental
conditions. In our experiments we used a range of shapes as stimuli as previous studies have
shown that archerfish are capable of discriminating a large number of shapes from four trained
shapes (Newport et al., 2013). Shapes are a common stimulus class for behavioral studies
and have previously been used in successful concept learning studies (e.g. Herman et al., 1989;
Pack et al., 1991; Bodily et al., 2008), however, other studies have employed different stimuli
such as colors (e.g. Goldman & Shapiro, 1979; Giurfa et al., 2001) and patterns (Giurfa et al.,
2001). It is possible that although archerfish can discriminate shape stimuli, they may not
be able to learn the concept of similarity based on this stimulus class. As a result, the use
of different stimulus classes may yield different results. Pilot studies were run for the OOO
test in which three different stimulus classes were tested: colors (red, blue, yellow, and gray),
directional arrows and shapes, however, no difference in performance was found. When training
animals, it can sometimes be difficult to successfully communicate the task, especially when
trying to convey an abstract concept. Subtle changes in procedure can have an impact on the
ability of the subject to understand the task. As a result, a range of training methods were
attempted during pilot studies. For example, the feedback to errors in stimulus selection was
varied in an attempt to make the consequences greater (i.e. a tone was played if the choice was
incorrect or a timeout of 30s was introduced before a new trial could commence). However, the
methods described in this manuscript were those that were found to engender the most success
when training archerfish to complete an AFC test. Future attempts to test concept learning in
archerfish would likely have the most chance of success if they focused on changes in how the
stimuli are presented. For example, in the OOO test described in this report four stimuli were
presented, one of which the fish had to choose. Future experiments may be more successful if
a much larger number of distractor stimuli were presented.
Another consideration is the duration of training. As this was the first time these paradigms
have been attempted in archerfish, it is difficult to know how much training might be required.
Evidence from other animals can be difficult to use as a guide as a range of factors can influence
how many trials and sessions can be completed. For example, the number of trials that an
animal can complete per session is highly variable. While animals such as baboons (Fagot et al.,
2001) and pigeons (Bodily et al., 2008) can readily complete 96 trials per session, dolphins
(Herman et al., 1989), and sea lions (Pack et al., 1991) typically only do between 8 and 28
trials. In behavioral experiments involving fish, they are commonly given between 6 and 10
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trials (e.g. Siebeck et al., 2009, 2010; Truppa et al., 2010; Schluessel et al., 2012; Gierszewski
et al., 2013), however, goldfish are capable of completing 100-120 (e.g. Goldman & Shapiro,
1979; Wyzisk & Neumeyer, 2007). Although archerfish have the motivation to complete a large
number of trials in one session, we found during pilot experiments that archerfish performed
best over long periods if given 20 trials per session. Because of the large variation in trial
number that can be performed, it is difficult to compare the total number of trials required to
learn a task between species. It is not known how much trial number affects the performance
of fish and it is possible that the number of sessions is more relevant. Session number can also
be difficult to use as a guideline because of the large discrepancies amongst different species.
For example, pigeons were able to learn a MTS task within 11 sessions (Bodily et al., 2008)
while bees and dolphins required 6 (Herman et al., 1989; Giurfa et al., 2001) and sea lions
required 36 (Pack et al., 1991). Goldman & Shapiro (1979) reported that goldfish learned the
simultaneous MTS and oddity-from-sample within 11-60 sessions; however, most individuals
showed signs of improvement within the first 10 sessions. In this report as well as Gierszewski
et al. (2013), a total of 40 sessions was attempted for the simultaneous MTS/OFS after the
fish had already completed a total of 29 sessions for step 1 and 2 of the delayed MTS/OFS
task. While it is possible that archerfish could eventually learn with more trials and sessions,
we decided that any more than this would make the test impractical as a visual discrimination
testing paradigm and therefore did not continue. In the case of the OOO, fewer sessions were
completed. Despite the large number of sessions conducted in the combined MTS/OFS tests
there was no improvement in performance with an increasing number of sessions and therefore
we found it unlikely that conducting large numbers of sessions would improve our results. We
found that in the MTS/OFS experiments, the archerfish eventually lost motivation and after
about the first 10 sessions rarely changed their decision strategy (i.e. side or stimulus bias). In
addition, in the simultaneous MTS/OFS experiments with goldfish, a large number of sessions
were required for some individuals to reach significance; however, they at least showed some
improvement within 10 sessions. In the case of the archerfish, no learning curve was observed
whereby accuracy improved over time. For the purpose of identifying other paradigms that
maybe useful for future testing, completing more trials and sessions is impractical; however,
future studies focused on concept learning in general may want to attempt more sessions. If
that is the case, it may be useful to change the food reward to be smaller or less nutritious or
to use an intermittent reward schedule.
Our results indicate that archerfish were unable to learn the MTS/OFS task and only a
few individuals were able to significantly select S+ in the OOO task but showed inconsistent
performance. Although it is possible that archerfish may be able to learn concepts under
different experimental conditions, we conclude that both of these tests are poor choices for visual
discrimination experiments involving archerfish. However, our results indicate that archerfish
achieve a very high accuracy when completing a 4-AFC test and can be rapidly retrained to new
stimuli. In a 4-AFC test in which the three S- stimuli are identical, archerfish can learn to select
the single S+ stimulus and therefore require no retraining when new stimuli are presented. The
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ability of archerfish to select odd stimuli can be used in a similar way to a traditional OOO test,
in which subjects learn to select the singleton stimulus, with the limitation that stimuli are not
presented in the role of both S+ and S-. This report not only provides important insight into
concept learning in fish but also provides a powerful new technique that can be added to the
tool box of psychophysical experiments used to explore vision in fish.
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Chapter 4
Same/different abstract concept learning by archerfish
4.1 Abstract
The ability to apply the abstract concept of “sameness” and “difference” have often been
used as an indication of the cognitive abilities of animals. While several phylogenetically di-
verse species have proved capable of understanding the concept of same/different, no species
of fish has been proven capable yet. Archerfish (Toxotes chatareus) are a species of freshwa-
ter fish known to spit water at aerial prey. They have previously been tested with several
psychophysical tests to determine their capacity for abstract concept learning, however, they
have shown only a limited ability to tackle tasks of this type (such as the odd-one-out and
matched-to-sample tests). One possible cause for their failure is that previous attempts failed
to adequately convey the concept to the fish. In this report, we use a simultaneous two-item
same/different discrimination test, which has been successfully used to train pigeons, to explore
abstract concept learning by archerfish. In this test, the fish are presented with two pairs of
stimuli; one pair has identical symbols (same) and the other pair has distinct symbols (differ-
ent). Fish are trained to either select the same pair or the different pair in order to receive
a food reward. We trained fish using a 2-phase approach. Training phase 1: the symbols in
the same and different pair did not change, thereby allowing the fish to solve the test through
direct association. The fish were trained with four different sets of stimuli to familiarize them
with the general procedure before moving on to the next training phase. Training phase 2:
six different symbols were used to form the same or different pairs. Fish that passed this
phase were then given a transfer test with six novel stimuli. Despite five fish succeeding in
completing the first training phase, only one passed the second training phase and thereby
completed a transfer test. However, the one fish that passed, failed to maintain performance
accuracy when presented with novel stimuli in the transfer test. This fish was then given
further training using 60 symbols as training exemplars; however, the individual was unable
to reach the training criterion using this training procedure. We hypothesize that the sole
fish that passed the training phase did so by memorizing the response to each possible stim-
ulus configuration or by developing a series of relatively simple choice contingencies. Despite
considerable effort training archerfish to several types of tests using a variety of training proce-
dures, we still have found no evidence that archerfish can learn an abstract concept-based test.
71
4.2 Introduction
The particular features that can cause one to designate objects or events as being the “same” or
“different” is highly variable and dependent on the context in which the question is asked. As a
result, the concept of “sameness” and “difference” can be applied to almost an infinite number
of situations. The ability to identify an abstract relationship is beneficial as the learned rule can
be disassociated from particular objects or events and therefore generalized to novel contexts.
Learning abstract concepts requires higher-order reasoning (Katz et al., 2007) and therefore it
has been suggested that only primates are capable of this task (Premack, 1978, 1983). Compar-
ative studies examining the ability of non-primate species to learn same/different relationships
between visual stimuli are limited to relatively few animals such as pigeons (Herrnstein & Love-
land, 1964; Lubow, 1974; Zentall & Hogan, 1974; Blough, 1986, 1989; Cook et al., 2003; Blaisdell
& Cook, 2005; Katz & Wright, 2006; Bodily et al., 2008) and to a lesser extent bees (Giurfa
et al., 2001; Avargue`s-Weber & Giurfa, 2013), dolphins (Mercado III et al., 2000), sea lions
(Kastak & Schusterman, 1994), parrots (Pepperberg, 1987), crows (Wilson et al., 1985), coati
(Chausseil, 1991) and fish (Goldman & Shapiro, 1979; Zerbolio & Royalty, 1983; Gierszewski
et al., 2013; Newport et al., 2014). In these studies, a variety of psychophysical tests were used
to determine if subjects could learn the same/different relationship for a range of stimuli. The
most important source of evidence used to show that subjects could learn the relationship, was
the animals ability to accurately solve the test for novel stimuli. Of the species tested, pigeons
(Katz & Wright, 2006) and parrots (Pepperberg, 1987) were shown to be able to successfully
apply the learned rules to novel stimuli, however other species, including fish have failed to
learn the concept (Gierszewski et al., 2013; Newport et al., 2014). Several additional studies
with yet other species have found some evidence of concept learning, however their results are
difficult to interpret due to confounding factors in the experimental procedures (Katz et al.,
2007).
Fish present an interesting model for comparative cognition studies as they lack a neocor-
tex, the area of the brain associated with concept learning in primates (Martin, 2007; Binder
& Desai, 2011). Thus far, only three species of fish, goldfish (Carassius auratus), cichlids
(Pseudotropheus sp.) and archerfish (Toxotes chatareus), have been tested for abstract concept
learning. All three species were tested using a simultaneous matched-to-sample test (sMTS)
in which subjects were required to match a sample stimulus to a comparison stimulus. The
experiments with cichlids and archerfish both show that they were unable to learn concepts un-
der the particular training conditions employed. The experiments with goldfish were somewhat
more promising as in one study the goldfish continued to complete the sMTS task with novel
stimuli (Zerbolio & Royalty, 1983). However, the same two stimuli were used for all transfer
tests allowing the fish to learn how to accurately respond to them (Katz et al., 2007; Bodily
et al., 2008). Newport et al. (2014) attempted to train archerfish using a procedure based on
the concept of oddity. The odd-one-out (OOO) test requires subjects to identify the one stim-
ulus that is different from a group of identical distractors. They found evidence that archerfish
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could perform the OOO test at moderate levels of accuracy basing their interpretation on the
fact that fish occasionally performed well during training. However the fish failed to pass the
transfer test. They concluded that either archerfish could not learn concepts or that the fish
did not understand the task on the basis of the training procedures used. An alternative test
may prove more effective for testing the concept learning abilities of archerfish. If archerfish are
unable to learn another commonly used test, it will add to the accumulating evidence that they
are unable to learn concepts, or at least suggest that they can only learn them under specific
training conditions which have not yet been found.
The simultaneous two-item same/different discrimination test has been used to determine
if pigeons can identify the relationship between two different pairs of symbols (Blaisdell &
Cook, 2005). No fish species have yet been presented with this test, however, other animals
have been presented with variations of this test including dolphins (Mercado III et al., 2000),
coati (Chausseil, 1991) pigeons (Blaisdell & Cook, 2005) and bees (Giurfa et al., 2001). In this
test, subjects are presented with two pairs of stimuli, one of which has two identical symbols
(same) and the other which has two different symbols (different). Subjects are trained to
select one of the two sets. Unlike other possible same/different tasks, this particular testing
procedure has the advantage that both stimulus pairs are presented simultaneously and can
be directly compared within a trial. In this report, we train archerfish to this test in order
to determine if they can learn the concept of same/different. We followed similar methods to
those used by (Blaisdell & Cook, 2005) as they were able to successfully train pigeons to learn
this test. However, we used black line drawings as stimuli, rather than coloured symbols, as
pilot experiments showed archerfish have strong preferences for specific colours which might
have distracted them from the task in hand.
4.3 Materials and methods
4.3.1 Subjects
Six archerfish were purchased from local suppliers and kept in accordance with the University
of Queensland Animal Ethics Committee approval (AEC Approval number: SBMS/241/12).
Subjects were maintained as described in (Newport et al., 2013). Individual fish had different
levels of previous experience with behavioural experiments, however all subjects had at least
been pre-trained to spit at stimuli presented on a monitor, following methods described in
Newport et al. (2013). Fish 2-5 had all previously participated in multiple concept learning
behavioural experiments, while fish 1 and 6 had only participated in one associative learning
experiment.
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Figure 4.1: Illustration of the stimulus presentation protocol used in the simultaneous two-item
same/different discrimination task. Stimuli were a range of line drawings on a white background,
presented on a computer monitor suspended directly above the aquarium. In each trial, two pairs of
stimuli were presented. In one pair, both shapes were identical (same) and in the other pair, both
shapes were dissimilar (different). Fish 4-6 were trained to select the same pair and Fish 1-3 were
trained to select the different pair. Stimuli not shown to scale.
4.3.2 General procedure
Stimuli were presented on a computer monitor suspended above the aquaria, as described in
(Newport et al., 2013). A pair of same and different stimuli were displayed simultaneously each
trial. One stimulus pair was presented on the left side of the monitor and the other on the right
(monitor coordinates: 180 60, 180 -60, -180 60, -180 -60) with a large gap separating the two
pairs (Figure 4.1). The positions of the same and different pairs were randomized under the
constraint that each pair was never on the same side in more than two consecutive trials. Three
fish (Fish 1-3) were trained to select the different pair and the other three fish (Fish 4-6) were
trained to select the same pair. Fish made a selection by spitting a jet of water at the stimuli,
henceforth referred to as a ‘hit’. Correct responses (S+) engendered a reward of one food pellet
while selection of the incorrect stimulus (S-) terminated the trial without a reward and a 30
second penalty was given before the next trial began. During the initial stages of training,
the fish were given the opportunity to continue making selections until they chose correctly in
occasional trials. After the fish had made a selection, a squeegee was used to remove water
from the Perspex R© housing covering the monitor after which the next trial began.
Each session consisted of 30 trials. An individual was considered to have successfully learned
the task once the selection of S+ was significantly different from chance in two consecutive
sessions. The frequency of S+ and S- selections was tallied per fish for each session and
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analyzed using a binomial test. A S+ selection frequency > 67% in each session is statistically
significant (binomial: P = 0.0279, N = 30 trials).
A variety of simple line drawings, created using Microsoft PowerPoint and Adobe Photoshop
CS5 (Figure 4.1), were used as stimuli. Each stimulus was between 2.5 - 3 cm in size depending
on its shape. The drawings used have previously been shown to be discriminable by archerfish
(Newport et al., 2013). Training for this experiment was divided into two phases: 1) Pre-
training and 2) Training.
Associative pre-training
In pre-training, the same stimuli were used in the same and different pairs for all trials, allowing
the fish to directly associate a particular stimulus pair with a food reward. Once they had
learned the task with these stimuli, the fish were then presented with a new set of stimuli.
Four successive stages of pre-training were run with four sets of training stimuli. Each fish was
trained to a stimulus set until they had successfully reached the training criterion or reached
a maximum of 15 sessions. Fish 6 stopped responding after five sessions when presented with
Image Set 3 and was therefore excluded from all further experiment and analysis.
The intent of this initial training was to condition the fish to select pairs of stimuli that were
the different (Fish 1-3) or same (Fish 4-6). This is not a true same/different test as the fish
could have simply memorized the specific stimuli, however, Newport et al. (2014) found that
this form of initial training can facilitate concept learning. In their experiment, they trained
four fish to select a particular stimulus in an odd-one-out task. They then replaced the stimuli
and repeated training. When they did this a third time, they found that two of the archerfish
immediately selected the correct stimulus and did not require any additional training.
Same/different concept training (6 stimuli)
Once the archerfish had completed pre-training, they were presented with a true same/different
task in which the same and different pairs contained changing stimuli. Six different shapes were
used as stimuli (see Figure 4.3 for shapes) and all could be part of a same or different pair
depending on the trial. Trials within a session were counterbalanced so that all stimuli were
in a same or different pair an equal number of times. A maximum of 20 training sessions were
run.
After completing 20 training sessions, it was possible that fish may have lost motivation to
respond correctly. To ensure that poor performance was not simply due to a lack of motivation,
two fish (Fish 3 and 4) were given five more training sessions in which a penalty was given in
the form of a distasteful food reward. Denatonium benzoate is an extremely bitter, nontoxic
compound used to prevent nail biting in humans, chewing in dogs and as an animal repellent.
In addition, it has been previously used in experiments to teach fish to avoid unpalatable prey
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(Miller & Pawlik, 2013). Bitter tasting food pellets were made by soaking them in a solution
of 8 milligrams (mg) of denatonium benzoate per milliliter (mL) of ethanol and allowed to
dry completely. As a result, a much lower concentration of the solution actually remained
on the food pellet. A concentration of 2mg/mL has previously been shown to be effective
in causing wrasses to avoid a food item (Miller & Pawlik, 2013). When archerfish chose the
incorrect stimulus during training, they were fed one bitter food pellet. It was expected that
the fish would spit out the food and a small hand-net would be used to immediately remove
the unwanted pellet from the aquarium.
Same/different concept transfer test (6 stimuli)
Once a fish had successfully passed the training, the fish were given a transfer test to determine
if they could apply the same/different rules to novel stimuli. Six new shapes replaced the
previous stimuli. Each session consisted of 30 trials and fish were tested for two sessions. Each
of the six stimuli was part of a same pair once every five trials and twice as part of a different
pair (once on the left and once on the right side of the pair).
Same/different concept training (60 stimuli)
One fish (Fish 1) completed the same/different training but failed the transfer test (see Results
section 4.4.2 for details). Pigeons are more likely to learn a concept when a large number
of training stimuli are used (Katz & Wright, 2006) therefore, the small number of training
exemplars (six) may have affected the rules learned by the fish. To test this, a further 25
training sessions were given to Fish 1 with 60 new training exemplars. Each stimulus was used
once in a same pair and twice in a different pair every 60 trials.
Shape discrimination and general learning control
A final test was run as a control to ensure that each fish was still motivated to learn and
that the types of stimuli used in training could be discriminated by the individuals in this
experiment. Fish were presented with a 4-alternative forced-choice (4-AFC) test using stimuli
from the associative pre-training test (one shape from each step). These same shapes had
successfully been used in a similar 4-AFC by Newport et al. (2013). Each individual fish was
trained to select a different shape (see Figure 4.4 for shapes), except two fish which were trained
to select the same shape (Fish 1: crescent; Fish 2: star; Fish 3: cross; Fish 4: square; Fish 5:
cross). There were four stimulus display positions on the monitor (monitor coordinates: -200
150, 200 150, -200 -150, and 200 -150) and the positions of all stimuli were randomized with the
constraint that S+ was never in the same position in consecutive trials. Trials were recorded as
either being ‘correct’ (selection of S+) or ‘incorrect’ (selection of any of the three S-). Sessions
consisted of 30 trials and were run until each fish had reached an S+ selection frequency >
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67% but with a maximum of 15 sessions. A S+ selection frequency of > 40% is significantly
different from chance (binomial: P = 0.029, N = 30 trials), however the training criterion was
set to match that of the two-choice same/different test.
4.4 Results
4.4.1 Associative pre-training
Four stimuli sets were used in pre-training. When presented with Image Set 1, four of the five
remaining fish reached the training criterion within 15 sessions (Fish 1: 5; Fish 3: 8; Fish 4: 2;
Fish 5: 13) however Fish 2 did not (Figure 4.2A, E). When trained to Image Set 2 (Figure 4.2B,
F), both fish trained to same (Fish 4 and 5) did not learn the task within 15 sessions however
all fish trained to different did (Fish 1: 4; Fish 2: 12; Fish 3: 2). Only Fish 3 was unable to
learn the task when presented with Image Set 3 (Fish 1: 2; Fish 2: 6; Fish 4: 4; Fish 5: 6)
(Figure 4.2C, G). Fish 5 was again unable to learn the task within 15 sessions when trained to
Image Set 4 however all other fish completed the task (Fish 1: 4; Fish 2: 3; Fish 3: 2; Fish 4:
12) (Figure 4.2D, H).
4.4.2 Same/different concept training and transfer test (6 stimuli)
Five archerfish moved on to the same/different training (Figure 4.3A). After 20 training ses-
sions, only Fish 1, which was trained to select different, met the training criterion. Fish 3 also
reached a statistically significant S+ selection frequency in two sessions however these sessions
were nonconsecutive. Given that the probability of reaching our learning criteria by chance in
a particular sessions is P = 0.0279 (N = 30 trials), we would expect about 4 sessions to be
positive due to chance for all five fish (0.0279*30*5 = 4.455). We observed five sessions where
the selection frequency was significantly different from chance. Fish 3 and 4 were given a fur-
ther 5 training sessions where a bitter tasting food pellet was given when fish chose incorrectly.
This positive punishment did not produce any increase in performance accuracy and neither
fish reached the training criterion during this period.
Fish 1 reached the training criterion therefore two transfer test sessions were given in which
the original six training stimuli were replaced for six novel ones. An S+ selection frequency
of 53% was reached in both sessions. This S+ selection frequency is not significantly different
from chance (binomial: P = 0.135, N = 30 trials).
4.4.3 Same/different concept training (60 stimuli)
Only Fish 1 proceeded to the final training stage in which 60 training exemplars were used
(Figure 4.3B). Fish 1 was given 25 training sessions but was unable to meet the training criterion
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Figure 4.2: Learning curves of five archerfish conditioned to complete pre-training for the
same/different task. Figures A-D show results for fish trained to different stimuli pairs and Fig-
ures E-H show the results for fish trained to same stimuli pairs. The dotted line at 50% indicates
a S+ selection frequency consistent with chance. The dashed line at 67% indicates the minimum
training criterion. Individuals must complete two consecutive sessions above this line, or a maximum
of 15 sessions, in order to move on.
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Figure 4.3: Learning curve of five archerfish conditioned to complete a simultaneous two-item
same/different discrimination test. The dotted line at 50% indicates a S+ selection frequency consis-
tent with chance. The dashed line at 67% indicates the minimum training criterion: individuals must
achieve a S+ selection frequency > 67% in two consecutive sessions within 20 sessions (A) or 25 ses-
sions (B), in order to demonstrated they have learned the test. A) Six training exemplars were used
(shown in the figure). The vertical dashed red line indicates sessions in which positive punishment
was used when fish chose incorrectly. B) 60 training exemplars were used.
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within that time. Performance reached above statistical significance in only one session which
is expected due to chance (0.0279*30*1 = 0.837).
4.4.4 Shape discrimination and general learning control
A 4-AFC test was run as a control to test whether the fish were still motivated to learn
(Figure 4.4). All fish reached the training criterion within nine sessions (Fish 1: 6; Fish 2: 9;
Fish 3: 4; Fish 4: 6; Fish 5: 5).
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Figure 4.4: Learning curves of five archerfish when trained to discriminate four shapes (shown in
the figure) using a four-alternative forced-choice test. The black dotted line indicates a S+ selection
frequency consistent with chance. The black dashed line indicates a S+ selection frequency significantly
different from chance. The red dashed line marks the S+ selection frequency stipulated as the training
criterion.
4.5 Discussion
We tested whether archerfish can learn the abstract concept of same/different using a training
procedure previously applied to pigeons (Blaisdell & Cook, 2005). Archerfish were given pre-
training in which the general procedure of the same/different test was used; however, the
stimuli used were not changed, allowing the fish to solve the test using direct association with
the stimuli. All fish were capable of learning the pre-training. When presented with the same
procedure but where the stimuli in the same and different pairs were variable, all archerfish
but one failed to pass the training criterion even after significant training (600 trials) and the
addition of positive punishment (150 additional trials). Fish 1 did learn to complete the test,
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however failed to transfer to a novel set of stimuli. When trained with a larger number of
exemplars, Fish 1 failed to reach the training criterion. As a final step the fish were trained
to a 4-alternative forced choice test. All fish tested were able to learn this within 4-9 sessions
showing that despite the poor performance during the same/different task, all fish were capable
of learning a discrimination test to a high degree of accuracy (maximum S+ selection frequency
for all fish was between 73 - 97%).
The results of our experiment are negative, however it is impossible to know whether that
is because archerfish are entirely incapable of concept learning, or if the training process did
not effectively communicate the task. In this case, it seems unlikely that the failure of the
archerfish to learn the task was simply due to minor procedural details such as number of trials
per session, feeding schedule or stimulus size. A range of fish species have been successfully
trained by multiple research groups, all following different procedures, showing that fish can
learn associative-based tasks despite trivial differences in training procedure. The stimuli used
in this experiment have previously been shown to be distinguishable by archerfish (Newport
et al., 2013, 2014) and the success in the pre-training show that archerfish can learn the general
procedure of the test. It is possible that given more time the archerfish may have eventually
learned the task. In fact, (Bisazza et al., 2014) found that when conditioning guppies, extensive
training time can improve performance. However, guppies improved after 120 trials while we
saw no improvement in archerfish performance after 600 trials. (Newport et al., 2014) noted
that archerfish seemed to stop attempting to learn new decision rules after about 10-20 training
sessions and instead resorted to make selections based on a particular stimulus or stimulus
position.
While minor procedural details are unlikely to have stopped the archerfish from learning,the
general procedure of the simultaneous two-item same/different discrimination test may not have
been appropriate for fish. This test is a feasible training method as it has been successfully
employed with pigeons (Blaisdell & Cook, 2005), however this is the first time it has been used
with fish. We hypothesized that this test may be more successful than the matched-to-sample
(MTS) or odd-one-out (OOO) tests attempted by Newport et al. (2014) because, unlike in the
OOO and MTS procedure, this test allows the subjects to see both the same and different
conditions simultaneously. However, even pigeons experience some difficulty learning this task
when presented with only two items (Blaisdell & Cook, 2005). Presenting a larger number of
same and different stimuli, such as the arrays described by Young et al. (1997), may serve to
highlight the relationship between stimuli. Alternatively, the stimuli themselves, rather than
the number, may have prevented the fish from identifying the relationship between stimuli.
Although archerfish are capable of discriminating the stimuli used in this study (Newport
et al., 2013), they may find it easier to identify relationships between stimuli that are more
natural to them, such as other fish, insects or leaves. In this study, we chose stimuli that are
likely unfamiliar to archerfish in order to avoid preferences or biases for familiar objects which
may affect our results. Many psychophysical tests have been applied to test whether animals
can learn abstract concepts and it is possible that one of these variations will be successful,
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however, so far archerfish have failed to learn four of the more common psychophysical tests
(odd-one-out, simultaneous MTS, delayed MTS and the same/different).
Not all fish were unable to learn our test. Fish 1 did reach our training criterion. However,
this individual did not appear to solve the test using the concept of same/different as perfor-
mance dropped down to chance when novel stimuli replaced the learned ones. It is likely that
the fish instead learned to select S+ using a strategy based on item specific associations. For
example, stimulus configuration learning or a multiple-rule model could be used to solve the
test (Carter & Werner, 1978; Bodily et al., 2008). If the fish had learned separate responses
to each configuration of the six stimuli, it would require that the fish learn 60 unique stimuli
combinations. If the fish considered the same stimulus in a different position to be different,
then the number of unique combinations increases to 240. Although this method would require
an impressive degree of memorization, it has the benefit of being very accurate. Alternatively,
multiple if-then contingency rules might have been employed. This requires less rote memo-
rization; however accuracy is dependent on how well the learned rules fit the actual data. Fish
1 may have applied if-then rules, rather than the configural model, as it appeared to make se-
lections based on the presence of a particular stimulus. For example, Fish 1 chose the ‘lightning
bolt’ symbol in every trial it appeared and almost always avoided the ‘flower’ and ‘parentheses’
symbol. Both of these strategies are item-specific which explains why the S+ selection accuracy
of Fish 1 decreased when presented with novel stimuli. The increase in training exemplars to
60 symbols should make it significantly more difficult for Fish 1 to apply item-specific asso-
ciative rules. Ultimately Fish 1 did not show the same level of S+ selection accuracy when
more training exemplars were used. Fish 1 was the only individual that achieved the training
criterion; however it is not the only fish to have employed an item-specific strategy. Many of
the other fish appeared to solve the test by only selecting a particular side or stimulus. Because
of the way the trials were balanced, this solution only allowed the fish to achieve an accuracy
consistent with chance. These preferences often changed from session to session (e.g. in one
session the fish preferred any stimuli on the left side and in the next session they preferred any
stimuli on the right) likely reflecting the fact that the fish were attempting to find a strategy
that increased their likelihood of receiving a reward.
Archerfish have an impressive ability to rapidly learn item-specific associations even com-
pared to other fish species (Newport et al., 2013). It is possible that abstract concept solutions
are simply not relevant to archerfish and that associative strategies provide the most accurate
and reliable results for archerfish and are therefore preferred. Archerfish are generalist feeders
and encounter many prey items that are similar in appearance. Following prey selection strate-
gies that are too abstract may mean that suitable prey are unnecessarily avoided. For example,
if archerfish encounter an aposematic insect that is red, learning the rule that all red species
are unpalatable may mean that they miss out on red but non-toxic insects. However, this is
speculative. It is equally possible that all fish in general simply lack the neural structures for
this level of processing complexity. Determining whether other species of fish can learn this task
would provide important information about the role that ecology or neural structures plays in
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this form of learning.
Based on the results from this report as well as those by Newport et al. (2014), it appears
that archerfish have only a limited capacity for concept learning, if at all. The evidence from
other fish species is equally ambiguous. Gierszewski et al. (2013) tested whether cichlids could
learn a simultaneous matched-to-sample (sMTS) procedure using two shapes as training stimuli
and found that none of the fish could learn the test. Goldfish were shown to successfully learn a
sMTS test, however, only two stimuli were used during training and no transfer trials were run
(Goldman & Shapiro, 1979). Based on this experiment it is impossible to say whether the fish
had learned to solve the test by learning the concept of matching or whether, like the archerfish,
the goldfish had simply learned item-specific associations. A second experiment with goldfish
also showed that they could learn a sMTS test using two coloured lights as training stimuli
(Zerbolio & Royalty, 1983). Transfer tests were run with novel stimuli and the performance
within the first block of trials was equal to baseline trials. However, only two stimuli were used
as novel stimuli in transfer trials and a single block of trials consisted of the results of three
sessions (40 trials each) for all four goldfish. As a result, the results of the first block of transfer
trials consisted of the results of 480 trials with only two stimulus configurations. The fish had
ample time to learn associative-based rules within the first block especially considering that
positive punishment was used which is known to increase the rate of learning. To avoid the
potentially confounding factor of stimulus repetition, transfer testing should have ideally been
done with a larger number of novel stimuli or the statistical analysis of the results should have
accounted for repeated measures (Bodily et al., 2008). Based on the five studies conducted
to date with fish (including this report), there is still no direct evidence that fish can learn
abstract concepts. However, this is a very small number of studies with even fewer species of
fish. Future experiments using different testing methods and different species of fish would add
considerably to our knowledge of the cognitive abilities of fish.
Positive punishment, in the form of a bitter food reward, was used to increase the incentive
for fish to make a correct choice. This had no significant effect on the accuracy of the two fish
tested. The positive punishment may have had no effect because the archerfish were simply
unable to learn the task, however it may also not have been the most effective form of positive
punishment. Although denatonium benzoate has previously been used to train fish to avoid
particular prey based on visual cues (Miller & Pawlik, 2013), it may not have provided enough
incentive in the case of archerfish. The archerfish were free to spit out the bitter food after
tasting it and in reality they almost always ingested the pellet. This may indicate that the
concentration used was not distasteful enough. The goldfish trained by Zerbolio & Royalty
(1983) were faced with a much more severe outcome for incorrect choices as shocks were used
as reinforcement. Future experiments may have more success if a more severe form of negative
reinforcement is used.
The results of this experiment, as well as those by Newport et al. (2014), strongly suggest
that archerfish do not learn abstract concepts using the particular training methods described.
While it is important to know what animals can do, it is equally important to understand
83
their limitations. In this case, the inability of archerfish to learn several concept-based tests
raises several interesting questions. If archerfish are truly incapable of learning the concepts
associated with the tests, then we might ask if this is a general trend across all fish species or
whether there is something specific that limits archerfish. If all fish species are incapable, then
what is it that is different between fish, insects and birds that enables only the bees and birds
to learn abstract concepts? Unlike birds and bees, when archerfish are tested using the same
procedures, most individuals are not even getting past the training stage, let alone passing
the transfer tests. In all of the tests presented to the archerfish thus far, the training stage
can be solved using associative-based strategies. Archerfish typically have no problem learning
complex decision rules (Newport et al., 2013) even when it requires significant memorization,
so why are not all archerfish getting past the training at least? More experiments focused
on answering these specific questions are required if we are to understand the limits of fish
cognition and whether or not they have the capacity of abstract concept learning.
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Part II
Human facial discrimination and
object recognition
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Chapter 5
Discrimination of human faces by archerfish
5.1 Abstract
There are currently two conflicting explanations for how humans recognize faces: (i) recog-
nition processes are innate, relying on specialized neocortical circuitry, and (ii) recognition
uses the same neural circuitry as other object classes and is simply a learned expertise. De-
termining whether animals without specialized neural circuitry, or indeed a neocortex, can
complete this task will improve our understanding of the underlying mechanisms of human
facial recognition. It has previously been demonstrated that some bird species are capable of
human facial recognition; however, due to the domestication and/or urban habitats of the few
species tested, birds may possess adaptations for this task. Fish, on the other hand, are un-
likely to have evolved any specializations for human facial recognition and therefore present an
ideal model for testing the capacity for human facial recognition without a neocortex. Using a
two-alternative forced-choice procedure, we tested whether four archerfish (Toxotes chatareus)
could learn to discriminate images of human faces. We found that all fish could discriminate
a learned human face from 44 novel ones with a high degree of accuracy. Archerfish per-
forming a similar task using simple, outline shapes as stimuli attained comparable levels of
performance, suggesting that fish find human faces just as easy to discriminate as shapes. This
study not only demonstrates that archerfish have impressive pattern discrimination abilities
but also provides evidence that a vertebrate lacking a neocortex and possessing no evolution-
ary prerogative to discriminate human faces can nonetheless do so to a high degree of accuracy.
5.2 Introduction
Rapid and accurate recognition of an individual is central to the development of complex social
systems that rely on individual identification. Humans are highly adept at this task despite the
fact that faces share the same basic components and individuals must be discriminated based
on subtle differences in features or spatial relationships (Diamond & Carey, 1986; Leopold &
Rhodes, 2010). Considerable evidence points to the fact that the fusiform gyrus is heavily
involved in face processing in humans (Kanwisher et al., 1997; Tong et al., 2000). While it
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appears that there is domain specificity for face processing, it is still unknown whether the
neurons in the fusiform gyrus are evolved for this task (Duchaine et al., 2007), and hence
whether faces represent a unique class of object, or if the neurons performing face processing
are general object recognition neurons tuned to faces through years of exposure (Gauthier &
Logothetis, 2000; Tarr & Gauthier, 2000; McGugin et al., 2012).
One question we might ask is if there is something special about faces as objects that re-
quires specialized recognition circuitry. This can be tested by determining if non-human species
which have not evolved to recognize human faces, are equally capable of discriminating human
facial stimuli. Evidence that other animals can do this will not unequivocally prove that hu-
mans do not use specialized neurons, but it will give an indication if specialized neurons are a
requirement and if there is something unusual about faces themselves. There is evidence from
a range of studies that some non-primate mammals can discriminate human faces. Species
which have been tested include sheep (da Costa et al., 2004), dogs (Racca et al., 2010), cows
(Rybarczyk et al., 2001) and horses (Stone, 2010). However, most animals tested possess a
neocortex and have been domesticated, and may, as a result, have experienced evolutionary
pressure to recognize their human carers. There is some evidence that animals lacking a neo-
cortex, such as bees (Dyer et al., 2005) and birds (Jitsumori & Yoshihara, 1997; Troje et al.,
1999; Ghirlanda et al., 2002; Jitsumori & Makino, 2004; Gibson et al., 2005; Marzluff et al.,
2010; Bogale et al., 2011), are capable of some degree of human facial discrimination. Although
the experiments with bees are limited by the small number of test stimuli, it does indicate that
the bee recognition system is adequate for a limited version of the task. Pigeons can not only
discriminate frontal and rotated images of human faces (Jitsumori & Makino, 2004; Soto &
Wasserman, 2011) but can also categorize them based on expressions (Jitsumori & Yoshihara,
1997; Soto & Wasserman, 2011) and gender (Troje et al., 1999; Gibson et al., 2005). In addi-
tion, the performance of pigeons when completing some visual tasks is comparable to that of
primates, suggesting that the underlying mechanisms of object recognition, including human
facial recognition, are similar between the two groups (Soto & Wasserman, 2012, 2014). For ex-
ample, both humans and pigeons can recognize an individual human face despite some changes
in facial expression, however the ability to discriminate emotional expression is associated with
a particular face (Soto & Wasserman, 2011). Chickens (Ghirlanda et al., 2002) and jungle
crows (Bogale et al., 2011) can also discriminate pictures of human faces and American crows
recognize individual face masks worn by humans and respond to a particular mask regardless
of the person wearing it (Marzluff et al., 2010). This ability may be a result of pre-existing
neural specializations as these species often live in urban habitats and interact with humans
(Matsubara, 2003; Belguermi et al., 2011) as well as demonstrate conspecific recognition based
on visual cues (Watanabe & Ito, 1991; Bradshaw & Dawkins, 1993; Ryan & Lea, 1994; Naka-
mura et al., 2003, 2006). We therefore wondered whether teleost fish, another vertebrate taxa
that lacks neocortical circuitry, but one which is unlikely to have evolved any specializations
for discriminating human faces, would show similar human face discrimination abilities.
In this report we used archerfish (Toxotes chatareus) as a model for behavioural experiments.
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This species, known for knocking down aerial prey with jets of water, relies heavily on vision to
detect small prey against a visually complex background and demonstrates impressive visual
cognitive abilities (e.g. Schlegel et al., 2006; Schlegel & Schuster, 2008; Temple et al., 2010;
Rischawy & Schuster, 2013). We hypothesized that this species may be ideally adapted to
visual tasks that require sophisticated pattern recognition.
5.3 Methods
5.3.1 Subjects
The four archerfish used in this experiment were kept as described in Newport et al. (2013).
The fish had different levels of previous experience, however all subjects had at least been
pre-trained to spit at stimuli presented on a monitor, following methods described in Newport
et al. (2013).
5.3.2 Stimuli
The images used were acquired from a database of 3D (three-dimensional) Head Models created
by researchers at the Max Planck Institute in Tu¨bingen, Germany (Vetter, 1998). A total of
52 frontal views of Caucasian female human faces (rendered size: 384 x 384 pixels) were used
as stimuli (Figure 5.1). The images in this database have had extraneous cues (e.g. hair and
clothing) removed thereby reducing the possibility that the fish could use trivial features to
discriminate the faces. We also employed a large set of faces with test-set counterbalancing
controls.
5.3.3 General procedure
The experimental apparatus and stimulus presentation were as described in Newport et al.
(2013). Briefly, stimuli were presented on an LCD monitor (1024 x 768 pixels) suspended
above the aquaria and oriented parallel to the water’s surface. A two-alternative forced choice
(2-AFC) procedure was used and images were displayed on each half of the monitor (monitor
coordinates: 0 -160, 0 160), one of which was rewarded if hit. Fish were rewarded with one food
pellet each time they selected the correct stimulus by hitting it with a jet of water. Selection
of the incorrect stimulus terminated the trial.
5.3.4 Training and testing
Archerfish were trained to discriminate between one rewarded face (S+) and one unrewarded
face (S-). Fish 1 & 2 and Fish 3 & 4 were trained with opposite faces as S- to reduce the
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Figure 5.1: A) View of the experimental setup. B) Examples of face images used in the experiment.
possibility that performance was due to a unique characteristic of a particular face. Each
training session consisted of 21-31 trials, depending on the individual level of motivation in
a particular session. Sessions were repeated until the subjects had achieved a statistically
significant S- avoidance frequency of ≥ 71% (binomial test: P < 0.05, N = 21 trials) in two
consecutive sessions.
To prepare the archerfish for testing, they were given an intermediary training step in which
S+ was replaced with eight novel face images (N). The task was therefore for fish to avoid the
trained distractor (S-) and select the novel target (N). Avoidance of S- rather than selection of
S+, was used to test the archerfish because Newport et al. (2013) found that archerfish form
a stronger association with unrewarded stimuli than with those that are rewarded. In each
trial, one N was chosen randomly from the pool of stimuli with the constraint that the same N
was not used in consecutive trials and that the presentation of all eight stimuli was balanced
within a session. Fish were rewarded for selecting S+ or N (i.e. correctly avoiding S-). Sessions
were run until the fish reached our training criterion (two consecutive statistically signification
sessions).
During testing, a pool of 44 novel faces was used. Presentation of all stimuli was divided into
two sessions of 29 trials, which were grouped for analysis and referred to as a ‘block’. Within
a block, 10 control trials (S+ and S-) and four of the intermediary training faces used during
training were used as training reminders. Trials with previously seen stimuli were excluded
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from analysis. Testing blocks were repeated until each fish had completed a minimum of two
blocks and achieved a S- avoidance frequency of > 70% (binomial test: P < 0.001).
5.4 Results
All fish learned to discriminate between two faces during training (Figure 5.2A) within 2-14
sessions (Fish 1: 12 sessions; Fish 2: 14 sessions; Fish 3: 3 sessions; Fish 4: 2 sessions).
All fish could then discriminate S- from 44 novel faces to an accuracy of at least 70% within
1-4 testing blocks (Figure 5.2B). An accuracy of 61% is statistically significant (binomial test:
P = 0.039) for the number of trials per block (N = 44 per block). Two of the fish (Fish 3,
4) reached a significant level of accuracy within their first exposure to the new faces (block 1).
The maximum observed frequency for each fish was high (Fish 1: 77%; Fish 2: 77%; Fish 3:
86%; Fish 4: 86%).
5.5 Discussion
Human facial recognition is an important skill for humans as it provides valuable information
about individuals within their social group, including their identity, emotion, general health
and intentions (Pascalis & Kelly, 2009; Leopold & Rhodes, 2010). Human facial recognition
is associated with the neocortex and it is uncertain whether or not the ability to discriminate
faces is a learned expertise or an innate ability (Crookes & McKone, 2009). Here we tested
whether a species of fish, unlikely to have experienced any evolutionary pressure for human
facial recognition, could learn to discriminate human faces. We found that archerfish could be
trained to discriminate a learned face from a large number of other human faces. While it is
impossible to say whether archerfish were processing the face images in the same way as humans,
our results do show that some aspects of the facial recognition task can be learnt, even in the
absence of a neocortex. In a 4-AFC experiment with shapes as stimuli, archerfish achieved a
similar degree of S+ selection accuracy (93%) within 2-5 sessions (Newport et al., 2013, 2014).
Although the training and testing procedures used in the two studies are somewhat different
and therefore cannot be directly compared, the similarity between accuracy and learning rates
when trained to both classes of stimuli suggests that discrimination may rely on the same basic
neural hardware. Our results demonstrate that, like some species of reef fish (Siebeck et al.,
2010), archerfish are adept at fine-detail pattern discrimination and can apply these abilities
to unfamiliar stimuli, including human faces.
Understanding the recognition capabilities of different animals can inform us about the
evolutionary history of human facial recognition. There are a wide range of animals that use
visual cues for conspecific individual recognition including primates (e.g. Parr et al., 2000;
Bovet & Washburn, 2003), crayfish (Van der Velden et al., 2008), fiddler crabs (Detto et al.,
2006), sheep (Kendrick et al., 2001; Tate et al., 2006), damselfish (Siebeck et al., 2010) and
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Figure 5.2: Learning curve for training and testing procedures. Each curve represents the individual
results of a specific fish. The smaller dotted line at 50% represents the expected selection frequency
if subjects were choosing at random. A) Training results. Fish were trained to select S+ and avoid
S-. The large dotted line represents the 70% training criterion performance level. B) Testing results.
Fish were trained to avoid S- and select 44 possible novel faces. The large dotted line represents our
testing criterion of a minimum S- selection frequency of 70%.
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wasps (Tibbetts, 2002). With so many examples across such diverse taxa, it is clear that the
discrimination of individuals based on facial features is not unique to humans and suggests that
perhaps human faces themselves are not a particularly special class of objects. Our evidence
that archerfish can discriminate human faces without having any obvious selection pressure for
this specific task, suggests that the visual system of distantly related vertebrates is capable of
sophisticated discrimination tasks. This is not surprising as so many behaviours fundamental
to the survival of a wide range of species rely on accurate vision-based object recognition,
including predator detection, mate selection, and feeding. Therefore it seems possible that
pre-existing circuits for sophisticated visual discrimination evolved into the dedicated face-
processing circuitry of primates.
In this experiment we tested discrimination of frontal views; however, this is a very restricted
version of the task humans must perform in order to rapidly and accurately discriminate human
faces in real situations. Faces are dynamic and their appearance can be drastically changed by
a range of factors including variations in viewing angle, lighting, or facial expression. Unlike the
faces of many other vertebrates, primate faces have complex musculature allowing them to form
a broad range of facial expressions (Leopold & Rhodes, 2010). It is possible that the complexity
of the neocortex is a requirement for the discrimination of faces under variable conditions. That
said, there is evidence that pigeons are able to recognize faces that have changed in viewing
angle (Jitsumori & Makino, 2004) and expression (Jitsumori & Yoshihara, 1997). This has yet
to be tested in animals such as fish that do not live near humans, however, many social animals
that recognize conspecific individuals are equally capable of discriminating those individuals
under a range of viewing conditions. Fish present an interesting example as they can use
colour patterns for recognition which are additionally affected by changes in water quality and
lighting. Because different wavelengths are attenuated unequally in water, some colours within
a pattern are affected more than others. It is possible that the perceived complexity of human
facial recognition may simply be an anthropogenic point of view and in fact other animals must
also perform similarly complex pattern discrimination tasks under highly demanding conditions.
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Chapter 6
Discrimination of depth-rotated human faces by archer-
fish
6.1 Abstract
Recognition of human faces is not a trivial task as the appearance of a face can vary greatly
as the viewing conditions, such as illumination or viewpoint, change. During rotation, not
only do features change, but faces are self-occluding therefore not all features are visible
from all viewpoints. It has been previously shown that fish can discriminate frontal views
of human faces; however it is unknown whether fish can continue to recognize faces when
they change in orientation. In this study we explored the extent to which archerfish (Tox-
otes chatareus) can recognize images of human faces rotated in depth. Using operant con-
ditioning, archerfish were trained to discriminate between two frontal views of standardized
human faces. We then tested whether they could continue to discriminate the faces when
they were rotated in depth by 30◦, 60◦ and 90◦. All fish learned to discriminate the two
frontal views and continued to discriminate images rotated by 60◦. Recognition accuracy when
faces were rotated by 30◦ and 90◦ was variable for individual fish. In addition, three fish
took significantly longer to make a selection as viewing angle increased, suggesting there is
a penalty to performance when objects are increasingly different from a learned exemplar.
These results demonstrate that fish can recognize objects despite viewpoint-related changes in
appearance, speaking against a strict template matching model, however their ability is view-
dependent. In fact, the performance speed and accuracy of the fish mimics that observed in
humans, suggesting that a common mechanism may be utilized across these very diverse species.
6.2 Introduction
It has previously been shown that archerfish (Toxotes chatareus) can discriminate frontal views
of many human faces, an ability previously thought to require specialized cortical circuitry
(Chapter 5). While this shows fish have an impressive ability to discern differences between
complex stimuli, discrimination of frontal views of faces represents only part of the human facial
recognition ability. Human faces are highly dynamic and change in appearance due to facial
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expressions and variability in viewing orientation. Because of the three-dimensional shape of
faces, some features can occlude others as a face is rotated. For example, when a face rotates
along the horizontal plane, the nose obstructs the view of the cheek and eye. In order to perform
individual facial recognition, a task fundamental to many human social interactions, faces must
be recognizable under different viewing conditions. If fish are incapable of this task, it suggests
that the object recognition systems of fish are somehow different to those of humans. As fish
lack a visual cortex, the area of the human brain associated with human facial recognition,
limitations in the recognition capabilities of fish may indicate that complex cortical circuitry is
a requirement for human facial recognition.
Not all recognition systems can tolerate viewpoint induced changes to the appearance of
three-dimensional (3D) objects as this ability is largely dependent on how mental representa-
tions of objects are formed in the brain. One approach to recognition, known as ‘template
matching’, involves storing a two-dimensional snapshot of an object from a set location. The
object can later be recognized once the appearance of the object matches the stored snapshot.
Some insects (Collett, 1992) and chickens (Dawkins & Woodington, 2000) reduce the number
of snapshots that they are required to learn by employing ‘active vision’, where they follow
previously learned routes between landmarks. However, this bears the cost of recognition fail-
ure should the animal approach an object from an unfamiliar angle. An alternate possibility
is a ‘view-invariant’ recognition system in which learned representations of objects can be gen-
eralized and therefore recognized from different viewing angles. Primates, for example, have
an object recognition system which can tolerate some changes to the appearance of the object
itself depending on the viewpoint (Logothetis & Sheinberg, 1996). However, high-level visual
functions, such as flexible object recognition, are associated with complex mammalian brain
structures and may not be possible for fish. Therefore determining whether fish have a flexible
recognition system will not only provide important information about how object information is
represented in the brain of fish, but help constrain the models of representation and recognition
in humans.
Vision is an important sensory system for a range of fish behaviours including predator
avoidance, mate selection, social communication, feeding and navigation. Although recognition
of objects is a fundamental requirement for many of these tasks, the problem of how fish achieve
this has received surprisingly little attention. There is some evidence that a species of African
freshwater fish could continue to recognize 3D objects rotated up to 180◦, however, due to a lack
of experimental controls it is possible that the fish were using cues that were not affected by
depth rotations (Schluessel et al., 2014). In this report, we test whether archerfish can continue
to discriminate two learned human faces when they have been rotated about the vertical axis
(i.e. in depth) by 30◦, 60◦ and 90◦.
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6.3 Methods
6.3.1 General procedure
Six archerfish were used in this experiment however Fish 5 and 6 never passed the training
stage and were therefore excluded from testing and analysis. All fish were kept as described
by Newport et al. (2013) and experiments followed similar procedures to those described by
Newport et al. (2014). Briefly, stimuli were displayed on a 15 inch (1024 × 768 pixels) LCD
monitor (SyncMaster 153v, Samsung) with a Plexiglas housing, suspended above the aquaria.
The archerfish were presented with a two-alternative forced-choice test (stimulus monitor co-
ordinates: 0 -160, 0 160). Stimulus positions on the monitor were balanced so that S+ was
never in the same position in more than two consecutive trials. Archerfish selected a stimulus
by spitting a jet of water at the stimuli on the computer monitor and received a food reward
(CichlidGold R©, Kyorin Co.Ltd., Japan) when the correct stimulus was selected.
The images of human faces used in this experiment were of Caucasian women and were
drawn from the same database described in Chapter 5 (Figure 6.1). Two different image sizes
were used for this experiment. Fish 1 and 2 were presented with images that were 384 × 384
pixels and Fish 3-6 were given smaller images that were 231 × 231 pixels. Each fish was trained
to a different pair of faces in an attempt to ensure that the ability of the fish to discriminate
the faces was not due to idiosyncrasies with the faces themselves. Testing stimuli were pictures
of the same training faces but rotated about the vertical axis by 30◦, 60◦ and 90◦ (Figure 6.2).
6.3.2 Pre-training
During an initial task familiarization phase, the fish were trained to spit at the monitor and
discriminate between two stimuli. An orange circle (diameter: 2 cm, RGB value: 255, 127,
0) was displayed in random positions on the monitor. Because of the inquisitive nature of
archerfish, the fish would spit at the circle voluntarily and each time they did they would
receive a food pellet. The orange circle was moved all over the monitor during this phase and
often jiggled to attract the attention of the fish. Once the fish could consistently spit at the
circle, regardless of where it was positioned, and within approximately 1 second of the circle
being displayed, a purple circle (diameter: 2 cm, RGB value: 127, 0, 127) was introduced as a
distractor. In this stage, the two stimuli only appeared in the two positions described above.
Each session with the target and distractor consisted of 30 trials and the fish had to select the
target at a statistically significant frequency of ≥ 73% (binomial: P = 0.005, N = 30 trials) in
one session in order to move on to the main experiment.
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FISH ID Fish 1 Fish 2 Fish 3 Fish 4
S+ (rewarded)
S- (unrewarded)
Figure 6.1: Frontal views of face images used in the experiment for individual fish.
6.3.3 Training
The archerfish were first trained to discriminate between two frontal views of faces. Training
began by presenting only the rewarded stimulus (S+) for the first 1-2 sessions in order to
familiarize the fish with that face. The distractor stimulus (S-) was then introduced. See
Figure 6.1 to see the faces used and the reward conditions. Selection of S- was associated with
no penalty in the first session; however, in all following sessions it resulted in a 30 second delay
before the next trial would begin. For Fish 1 and 2, in addition to the 30 second penalty,
six trials were designated ‘prep-trials’ in which the fish were neither rewarded nor penalized
regardless of their stimulus choice. This was done to prepare the fish for trials during the
testing stage which would be neither rewarded nor penalized. Each session consisted of 30
trials, divided into six blocks of 5 trials. Each block had one randomly distributed prep-trial.
Fish 3-6 were given no prep-trials or penalties for selection of S- as they seemed to have little
impact but considerably slowed the session, possibly causing the fish to lose interest. Sessions
were run until the fish had achieved a statistically significant S+ selection frequency of ≥ 73%
in two consecutive sessions (binomial: P = 0.005, N = 30 trials).
6.3.4 Testing
Once the fish could consistently select S+, ‘test trials’ were introduced. Fifteen of the 30 trials
showed the frontal views of the two trained faces (control trials) however the remaining 15
trials showed three novel orientations (30◦, 60◦, 90◦) of the same two faces (five trials for each
rotation). The first two trials of every session were always control trials. In the remaining trials,
presentations of control and test trials were pseudorandom with the constraint that neither was
presented in more than two consecutive trials. Test trials were never rewarded or penalized in
order to prevent the fish from learning the correct response. Five sessions of 30 trials were run
so that a sample size of 25 trials was gathered for each rotation and fish.
During the testing stage, Fish 4 responded accurately to control trials but showed a stimulus
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Control (0˚) 30˚ Rotation 60˚ Rotation 90˚ Rotation
Figure 6.2: Two examples of faces and the rotated views used for testing.
position bias during test trials, selecting stimuli on the right in 85% of trials. Once testing was
completed this fish was given a break of 15 days. It then repeated training and was retested.
Instead of having half the trials as test trials, only six test trials (two for each rotation) were
mixed in with 24 control trials (one test trial every five trials). Because this fish developed
a side bias only when test trials were presented, it was thought that the fish lost motivation
to perform accurately as it learned that it would never be rewarded for this condition. It
was hoped that by having fewer test trials, the motivation to respond to test trials would be
maintained. A total of 13 sessions were run giving a sample size of 26 trials for each rotation.
Response times were recorded for each trial and the trial time was calculated based on
the difference in time between when stimuli were first presented on the monitor and when the
experimenter recorded a response by pressing a key on a keyboard. These times were recorded
automatically by the stimuli presentation software.
6.4 Results
All six fish completed the pre-training with both the orange and purple circle within 1-3 sessions.
Fish 1-4 learned to discriminate the frontal views of two faces during training.
6.4.1 Individual test results
The individual S+ selection frequencies of each fish were analyzed using a binomial test (Fig-
ures 6.3B-E). As a total of 12 binomial tests were performed (three orientations x four subjects),
a Bonferroni correction was made. Therefore, a significant P value is 0.004 rather than 0.05.
The S+ selection frequency for all fish was statistically different from chance for the frontal
views of the faces (control) (see Table 6.1 for all P values). However, individuals responded
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Fish
ID
Control (0˚ rotation) 30˚ rotation 60˚ rotation 90˚ rotation
S+ 
selection
number
S+ 
selection 
frequency
Total 
trial
number
Binomial: 
p 
value
1
2
69
65
75 92 5.33x10-15
3
4
48
183
75
75
312
87
64
59
2.19x10-11
4.86x10-3
4.18x10-4
S+ 
selection
number
S+ 
selection 
frequency
Total 
trial
number
Binomial: 
p 
value
24
15
25 96 7.45x10-7
13
16
25
25
26
60
52
62
0.097
0.155
0.079
S+ 
selection
number
S+ 
selection 
frequency
Total 
trial
number
Binomial: 
p 
value
23
19
25 92 8.94x10-6
18
20
25
25
26
76
72
77
5.27x10-3
0.014
3.43x10-3
S+ 
selection
number
S+ 
selection 
frequency
Total 
trial
number
Binomial: 
p 
value
14
13
25 56 0.133
7
7
25
25
26
52
28
27
0.155
0.014
9.8x10-3
Table 6.1: Individual testing results for all archerfish.
differently to the faces when rotated. Only Fish 1 selected S+ at a higher frequency than
predicted by chance when faced with 30◦ rotations but when presented with 60◦ Fish 1 and 4
selected S+ at a rate higher than chance. When the faces were rotated by 90◦, all fish selected
S+ less than expected due to chance.
6.4.2 Grouped test results
The individual S+ selection frequencies of Fish 1-4 were grouped (Figure 6.3A) and the mean
selection frequency and standard deviation for each rotation condition was calculated. The
mean S+ selection frequency of control trials (0◦ rotation) was 75.00 ± 15.98. The mean
selection frequency for 30◦ rotation trials was 68.75 ± 19.00, 81.50 ± 8.81 for 60◦ rotation trials
and 41.50 ± 16.18 for 90◦ rotation trials.
A one sample t-test was used to determine whether each mean was significantly different
from the hypothesized S+ selection frequency of 50%. We found that only when the faces were
rotated by 60◦ was the S+ selection frequency significantly different from 50% (t(3) = 7.1486,
P = 0.0056), but not for the control (t(3) = 3.1291, P = 0.0521), 30◦ rotations (t(3) = 1.9739,
P = 0.1429) or 90◦ rotations (t(3) = 1.0509, P = 0.3705).
A one-way analysis of variance (ANOVA) on the mean S+ selection frequency for each
condition yielded significant variation among conditions (F (3, 12) = 5.175, P = 0.0159). A
post hoc Dunnett’s multiple comparisons test showed that only the mean S+ selection frequency
of the 90◦ rotation condition was significantly different from the control (P < 0.05).
6.4.3 Time results
The mean trial response time (RT) for each testing condition was calculated for each fish
(Figure 6.3F-I). An ANOVA on RT for each condition showed there was significant variation
among conditions (Fish 1: F (3, 146) = 21.10, P < 0.0001; Fish 2: F (3, 115) = 39.45, P <
0.0001; Fish 3: F (3, 146) = 3.317, P = 0.0217; Fish 4: F (3, 386) = 66.75, P < 0.0001). A post
hoc Dunnett’s multiple comparisons test showed that the RT for 90◦ rotations was significantly
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different from the control (P < 0.05) for Fish 1 and 2. For Fish 3, the RT is different for 60◦
rotations and for Fish 4 the RT is different for 60◦ and 90◦ rotations.
To analyze the data at a population level, an exponential curve was fitted using least squares
to the raw time data for each fish, using the following formula:
f(x) = a · ebx + c
In this formula f is a function of time dependent on rotation x (degrees), where a scales the
curve, b is the growth rate and c is the time offset from zero. If there was no difference in RT
of the different conditions than b is expected to be zero. The mean growth rate for all fish was
calculated (M = 0.045, SD = 0.043) and a one sample t-test was used to compare this mean to
the expected growth rate of 0. The mean growth rate for all fish was not statistically different
from zero (t(3) = 2.0806, P = 0.1289), however this was largely due to the fact that one fish
actually got faster.
6.5 Discussion
The aim of this study was to determine whether archerfish could continue to discriminate
between two learned human faces when they were rotated along the vertical plane by 30◦, 60◦
and 90◦. It is important to note that the sample size of this study is small and there is a
large variability in the response of the fish. This poses problems for statistical testing. For
example, both an ANOVA and t-test can be used with smaller sample sizes; however both tests
assume a normal distribution. With only a sample size of four, it is impossible to be sure this
assumption has been met. Alternatively, non-parametric tests can be used, however the power
of these tests are generally low with small sample sizes. Therefore the results of this study
should be interpreted with caution. Despite these limitations, this study has been included in
this thesis as it presents a novel and valuable method for testing how fish recognize rotated
human faces.
We found that two archerfish (Fish 1 and 4) were able to accurately select the learned face
when rotated by 60◦ and only one fish (Fish 1) could do this when the faces were rotated by 30◦.
When the faces were rotated by 90◦, the selection frequency of the learned face was consistent
with chance for all fish. We also observed that the stimulus response time increased for three
fish as the faces were increasingly rotated. The observed difference in response time implies
that there is a cost in performance as the appearance of the faces become increasingly different
from the exemplar (Tarr & Cheng, 2003). The results of the grouped analyses indicate that all
fish could discriminate the learned faces when rotated by 60◦ but selection of the target was
not significantly different from chance for the control, 30◦ rotation and 90◦ rotation trials. In
addition, the mean growth rate of the exponential function fit to the stimulus selection time
is not significant. Both the individual and grouped results suggest that some subjects may
in fact be continuing to recognize the learned faces when rotated. These results suggest that
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Figure 6.3: Results of testing stage. A) Grouped results for Fish 1-4. Bars represent the standard
deviation (SD). The asterisks (**) indicate that the mean is statistically different from the expected
S+ selection frequency of 50% based on a one-sample t-test. B-E) Stimulus selection frequency results
are shown for individual fish. The smaller dotted line at 50% represents the expected S+ selection
frequency if the fish were choosing at random. The asterisks indicate that the S+ selection frequency
is statistically significant (* P < 0.05) or highly significant (** P < 0.01) based on a binomial test.
F-I) Mean response time in seconds for individual fish. Bars represent the 95% confidence interval.
The asterisks indicate that the mean response time (seconds) is significantly (* P < 0.05) or highly
significantly (** P < 0.01) different from the mean selection time of the control based on a one-sample
t-test. The raw data were fit with an exponential curve. See figures B-E for sample size for each
condition.
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archerfish may not have a template matching system and instead have a recognition system
that is tolerant to at least some degree of alteration to the appearance of objects. However,
as previously mentioned, a larger sample size is needed to ensure that more robust statistical
analysis can be conducted.
In the past, the question of how objects are recognized across changes in viewpoint has
largely been restricted to the study of humans and other primates. Experiments on depth
rotation have shown that humans are view-invariant when the objects are well known to the
subject or largely different in appearance (e.g. tree versus car), however, when objects are novel
or of a similar class (e.g. human faces) then observers can only tolerate changes in depth up
to a certain degree and are therefore view-dependent (Logothetis & Sheinberg, 1996). Based
on this work, several competing theories have been hypothesized to describe how the brain
forms view-change tolerant representations of objects (for a review of these theories see Wallis
& Bu¨lthoff, 1999). The majority of evidence supports a ‘feature-based’ model (Edelman, 1997;
Rolls et al., 1992; Tarr et al., 1998; Ullman, 2007) which states that objects are stored in the
brain as a collection of 2D features (Tarr et al., 1998; Wallis & Bu¨lthoff, 1999). A feature-based
approach predicts that a combination of features could be used for recognition and as a result
small changes to the retinal image can be tolerated. This model predicts that recognition is
not perfectly view-invariant but that accuracy is a function of the difference in viewing angle
between a known and novel view. The results of this pilot study suggest that when archerfish
are presented with human faces that are rotated in depth, their ability to generalize is view-
dependent. This evidence suggests that fish may represent faces in a similar way to humans
(i.e. a feature based model).
There are relatively few studies exploring whether the recognition system of non-primates
and, to our knowledge, are limited to rats (Alemi-Neissi et al., 2013; Tafazoli et al., 2012; Zoc-
colan et al., 2009), bees (Dyer & Vuong, 2008), sea lions (Stich et al., 2003), cichlids (Schluessel
et al., 2014), horses (Hanggi, 2010) and pigeons (e.g. Wasserman et al., 1996; Peissig et al.,
2000; Kirkpatrick, 2001; Spetch et al., 2001; Friedman et al., 2005; Spetch & Friedman, 2006).
With the exception of pigeons, these studies are somewhat exploratory in nature and lack rigor-
ous controls making the results difficult to interpret. For example Schluessel et al. (2014) used
3D objects as stimuli for experiments with Malawi cichlids, however the stimuli had features
that were not affected by changes in orientation (e.g. overall colour and size). In addition, the
approach angle of the fish was not limited, allowing the fish to view the objects from different
angles before making a selection. By far the most numerous and well controlled studies explor-
ing whether non-primates possess flexible object recognition systems, use pigeons as models
(Wasserman et al., 1996; Peissig et al., 2000; Spetch et al., 2001; Peissig et al., 2002; Jitsumori
& Makino, 2004; Friedman et al., 2005). What is interesting about these studies is that they
have adapted the rigorous experimental methodologies developed in human studies and applied
them to pigeons. For example, Peissig et al. (2000, 2002), Spetch et al. (2001), and Jitsumori &
Makino (2004) tested recognition of depth-rotated objects using three common stimulus classes
used in human studies. What they found is that pigeons perform similarly to humans when
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presented with a range of objects and have a recognition system that can tolerate some changes
in the appearance of objects. Pigeons can also recognize human faces even as they are rotated in
depth (Jitsumori & Makino, 2004). The evidence that pigeons and potentially fish are capable
of recognizing human faces despite changes in orientation, suggests that the neural structures
required for this complex recognition task are present even in species that have experienced no
evolutionary pressure for this specific task.
We hypothesized that the accuracy of the fish would decrease as the faces were increasingly
rotated, however, we observed that Fish 4 accurately selected the target at 60◦ rotation but
not 30◦. This result is interesting as the reliability of diagnostic features should decrease as
the images are increasingly rotated. In addition, although this was not statistically significant,
Fish 3 and 4 showed a preference for the distractor when the faces were rotated by 90◦ as
they selected S- in ≈ 70% of these trials. This preference implies that the fish are capable of
discriminating the two faces. Again, our sample size is small and therefore these results must
be considered cautiously, however, these results may indicate a procedural limitation of this
study. It is possible that while the fish can discriminate the two images when rotated, it does
not necessarily mean that they consider the rotated and frontal images to be the same objects
viewed from different orientations. Therefore, selection of the rotated images may simply be
due to the fact that one image is preferred for whatever reason, and not because it looks more
or less like the learned faces. If this is the case, then the occasional positive result cannot be
used as evidence that archerfish are capable of view-invariant recognition. Alternatively, we
can speculate that the observed results may be an effect of the features the fish are using to
identify the faces. As fish have little prior experience with human faces, they may not be using
the same diagnostic features as humans do. Whatever these features are, it could be that they
are not affected as we would predict when rotated. However, further experiments exploring the
image elements used by the fish for image identification are required to confirm this hypothesis.
In this pilot study we show that archerfish may be able to generalize frontal views of learned
human faces to novel viewpoints. In addition, the more the images are rotated from the
exemplar, the slower the fish are to make a selection. These findings suggest that archerfish do
not have a template matching system, which are relatively intolerant to changes in viewpoint,
and instead may have a similar recognition mechanism as humans, which allows for view-
dependent recognition. The visual cortex of mammals is associated with object recognition and
is a complex neural structure with multiple layers of processing (Bear et al., 1996). Despite
lacking this complex structure, our results suggest that fish are somehow not only able to
discriminate complex natural objects (human faces) but continue to recognize them as their
appearance changes with viewpoint.
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Chapter 7
General discussion
In this thesis, a series of experiments are used to explore whether archerfish can learn two
tasks that require higher-order cognitive processing, typically associated with the mammalian
neocortex. In Part I, we demonstrate that archerfish rapidly learn to solve tasks based on
direct associations between particular visual stimuli and a food reward. Interestingly, we found
that archerfish form strong associations with unrewarded stimuli. Therefore, in the commonly
applied alternative forced-choice test, archerfish learn to avoid negative stimuli rather than
select positive ones. Although archerfish rarely make mistakes when it comes to avoidance,
they are more flexible about choosing well-known positive stimuli versus novel stimuli. This
first set of experiments ultimately demonstrated that archerfish can apply complex decision
strategies to solve associative tasks. Several psychophysical paradigms were then utilized to test
the ability of archerfish to learn abstract concepts. We found that, despite extensive training
and many procedural variations, archerfish are very limited in their ability to learn tests based
on abstract rules. Only select individuals showed a small measure of improvement during
the training stage of the odd-one-out and same/different tests and none of those individuals
displayed any transfer when novel stimuli were introduced, indicating that they had not learned
a generalizable concept. We surmise that the archerfish instead apply associative based, albeit
complex, rules. In Part II, we tested whether archerfish could learn to discriminate human faces
and whether they could recognize faces despite changes in orientation. We found that archerfish
are adept at discriminating a large number of faces and could continue to recognize learned
faces despite some changes in orientation. These combined results suggest that archerfish are
capable of performing some of the basic tasks involved in human facial recognition and that
they have a flexible recognition system capable of tolerating some changes to the appearance of
three-dimensional objects. The overall conclusions from this thesis are that at least some tasks
associated with the mammalian neocortex can be completed by an animal that lacks this neural
structure and that, in some cases, their performance is similar to that observed in humans.
One obvious question emerges from these results: why can archerfish perform some cortical-
like tasks but not others? One possibility is that there is something intrinsically different
about the tasks of object discrimination/recognition and abstract concept learning, and while
the former can be achieved with structures present in the fish brain, the latter requires more
sophisticated neural circuitry. The performance of archerfish during some visual tasks shares
similar features to the performance of humans. In this thesis we show that, like humans, when
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discriminating between novel orientations of learned stimuli, archerfish are less accurate and
take longer to make decisions when the stimuli are increasingly rotated in depth (Chapter 6).
Archerfish also show similar visual search behaviour to humans. When presented with station-
ary visual scenes, archerfish require more search time as the number of background objects in
the scene increases (i.e. more complex scene) and they begin scanning at the closest object in
the scene (Rischawy & Schuster, 2013). Although humans and archerfish share similar features
of performance, the decision-making neural circuitry required for archerfish hunting, including
prey detection, involves only a small number of neurons (Schlegel & Schuster, 2008). It is there-
fore conceivable that visual tasks are somehow inherently simple and can be accomplished with
minimal circuitry. Alternatively, visual tasks may be possible to simplify and/or optimized so
the required processing is minimal.
In our experiments, archerfish learned to discriminate human faces relatively quickly and
reached an impressive degree of accuracy, however, they were not as proficient as humans. A
pilot study was conducted in which four adult human subjects were given the same test as
the archerfish. We found all subjects reached 100% accuracy after only a few initial errors.
This result is not surprising as adults have extensive experience with this socially relevant
task. The archerfish, on the other hand, are unaccustomed to discriminating human faces and
were more likely adapting a skill they use, such as prey identification, to the human facial
recognition task. Perhaps with more experience, archerfish could eventually achieve a similar
level of proficiency as adult humans; however, their performance may also be an indication that
their human facial recognition approach was somehow less effective. For example, the archerfish
could have used a single feature to discriminate the faces rather than a combination of several
features. Identification of a single visual feature presumably requires less processing power and
may be a more manageable task for fish but is also likely to be less accurate as the number
of stimuli increases. This may explain the reduced accuracy when comparing fish performance
to that of humans. Further studies into the underlying visual features used by archerfish for
object recognition may shed light on whether visual recognition tasks are somehow reduced in
complexity. Conversely, it may not be possible to simplify abstract concept learning to a point
that it can be processed by the fish brain.
Another possible reason that archerfish can perform sophisticated object recognition tasks
but not abstract concepts is that archerfish are simply adapted to one task but not the other.
The hunting strategy of archerfish necessitates accurate prey detection but when it comes to
decisions about what to spit at, the basic strategy seems to be ‘spit first, decide whether to
ingest later’. In addition to spitting, archerfish catch prey underwater and by jumping out of
the water. An analysis of archerfish gut contents shows that they are largely carnivorous and eat
a wide variety of prey, including fish and crustacean (Simon et al., 2010). In fact, the majority
of their diet comes from prey they likely caught underwater (Simon et al., 2010). Thus, spitting
seems to be a somewhat exploratory behaviour and archerfish will spit at nearly anything that
moves regardless of whether it is a potential prey item or not (personal observations). In many
cases, the fish will take any object that they have knocked down into their mouths and simply
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spit it out if it is unpalatable. Because archerfish are not overly selective of their prey and can
use several hunting methods, there may be little selective pressure for complex, concept-based
reasoning.
If the ecology of a species plays an important role in cognitive abilities, then it is possible
that other fish species with different life histories may prove more adept at complex forms
of problem solving. There is evidence that brain morphology, especially structures linked to
cognition such as the telencephalon pallium, can be affected by the ecology of a fish species. For
example, blennies that have larger home ranges, and ostensibly have a greater need for spatial
navigation abilities, have an enlarged pallial dorsolateral ventral region (Costa et al., 2011).
It has also been shown that out of 19 species of three-spined sticklebacks, benthic species
that have to work harder to catch prey, have greater pallial dorsolateral regions than those
that spent more time in open water (Park & Bell, 2010). African cichlids that live in rocky,
visually complex environments as opposed to barren, sandy environments also have larger
dorsolateral pallium regions (Shumway, 2010). Therefore, testing the ability of species with
large telencephalons may prove more successful. Another possibility is to identify species that
demonstrate advanced cognitive behaviour. It has been hypothesized that the sophisticated
cognitive skills of primates has been driven by the development of complex social structures
(Bshary & Brown, 2014). Therefore, non-primate species that demonstrate similarly complex
social interactions may also have advanced cognitive capacities, regardless of brain anatomy
(Bshary & Brown, 2014). Cleanerfish have been increasingly used as a model for studies testing
this theory as this species relies on complex social interactions for survival. We conducted a pilot
study with cleanerfish to determine whether they could learn the matched-to-sample/oddity-
from-sample test described in Chapter 3. Ten cleanerfish were trained using novel stimuli for
every trial however after 10 sessions of 20 trials none of the fish had learned the task. Although
the preliminary results are not promising, more experiments are needed to determine the full
capacities of cleanerfish to learn abstract concepts. Future research should focus on testing
more species of fish that have different lifestyles to determine the role of general ecology on the
ability of fish to perform abstract reasoning.
Currently there is limited evidence that fish can form abstract concepts (see Discussion
in Chapter 4) but Schluessel et al. (2012) reported that African cichlids demonstrate natural
concept learning, in the form of object categorization. This was based on evidence that cichlids
learned to discriminate several line drawings of fish and snails. However, natural category
formation may be based on perceptual discriminations, allowing the fish to form associations
with a defining visual feature (Katz et al., 2007). Abstract learning on the other hand, requires
rule learning that is dissociated from a specific cue or feature and therefore may be inherently
more complex and impossible for fish. Associative learning, on the other hand, has been
demonstrated by many species of fish. In both fish and mammals, associative learning is
regulated by the cerebellum (Go´mez et al., 2010; Hurtado-Parrado, 2010; Broglio et al., 2011)
and the neural circuitry and anatomy of this structure is highly conserved (Kotchabhakdi,
1976; Meek & Nieuwenhuys, 1998; Butler & Hodos, 2005; Bell et al., 2008; Meek et al., 2008).
113
Many seemingly complex behaviours, including human word learning, may rely on associative
learning principles (Wasserman et al., 2015) and may provide a simple mechanism to explain
the complex behaviours of fish. This hypothesis implies that fish are limited in their capacity
to generalize learned rules to new situations but if the learned associations are general enough,
it may actually allow fish to respond to a wide range of situations. More studies focused on
determining the underlying mechanisms of fish behaviour may serve to highlight how simplistic
mechanisms can lead to advanced behavioural output and may also reorient how we think about
the seemingly complex behaviours observed in more distantly related vertebrate taxa, including
primates.
This thesis provides significant contributions to our knowledge of the cognitive abilities of
fish. We have shown that archerfish have impressive visual discrimination abilities and begun
to examine, for the first time, how fish form mental representations of three-dimensional ob-
jects. These results suggest that the cognitive abilities of fish are more similar to those of other
vertebrates, including primates, than what we might expect given the differences in brain mor-
phology. This not only provides important information about the general abilities of fish and
improves our understanding of their life history, but also leads to important questions about
the structure and function of brain structures. Future work exploring how the fish brain per-
forms sophisticated processing will likely yield important findings on how sensory information
processing can lead to virtually identical outcomes despite seemingly different neural anatomy.
In this thesis we have also found differences in behavioural output between fish and birds,
which may prove to be particularly interesting. Archerfish are very limited in their ability to
learn abstract reasoning yet some birds, which also lack a neocortex, can learn abstract con-
cepts (Pepperberg, 1987; Katz & Wright, 2006; Pepperberg, 2006; Bodily et al., 2008). The
avian forebrain, however, has structures that are similar to the mammalian neocortex, so much
so that the nomenclature for this neural structure has recently been amended to reflect its
similarities with the neocortex (Jarvis et al., 2005; Dugas-Ford et al., 2012). The dichotomy
between these two taxa may prove useful for future studies as a model to explore what neural
features are fundamental to the development of abstract reasoning. Before any conclusions
are made however, it must first be determined if our results reflect the abilities of all teleosts
or just archerfish. To date, only three fish species (goldfish, African cichlids and archerfish)
have undergone any testing for abstract concept learning. This number represents only 0.01%
of the 30,000 approximate species of fish from across a huge range of environments and life
histories (Nelson, 2006). Evidently, more work is needed to explore abstract concept learning
in teleosts. It is our intention that the psychophysical tests detailed in this thesis will provide
some procedures examples that can be adapted to future testing. With so many fish species
living across remarkably diverse ecosystems, fish cognition is an exciting field that is ideal for
studying the relationship between ecology, brain structures and behavioural output and is sure
to uncover significant revelations about how brains work.
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